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Abstract 
 
Nano-scale magnetic materials such as Single Molecule magnet (SMM) attract attentions 
in research because of its applications in the spintronic devices and quantum information 
processes. SMM is a class of molecules which behave like a magnet even as a single molecule 
unit. Even though the bulk properties of these molecules are promising for the use of 
electronic materials, the control of the interface between the molecules and the metal-
electrode and the characterization of the spin states are mandatory for successful use of these 
molecules in the spintronics application. In my experiments, we investigated a SMM 
bis(phthalocyaninato)terbium(III) (TbPc2) molecule film by using low temperature Scanning 
Tunneling Microscope (STM) and Spin Polarized Scanning Tunneling Microscope (SP-
STM). The expected stronger molecule-substrate interaction, however, appears as intriguing 
dI/dV mapping image which reveals the spatial distribution of the density of states (DOS). 
We identify the contrast reversal in the dI/dV mapping for the molecules of =45o and =30o 
at the sample voltages of V=0.7 eV and 1.1 eV. In the first layer TbPc2 molecule film, the 
Kondo resonance is hardly observed, which is due to annihilation of the  radical spin by the 
charge transfer from the substrate to the molecule. Instead we observe a Kondo peak for the 
molecule on the second layer, for which the spin recovers due to the reduction of the coupling 
with the substrate. In addition, when a magnetic field of 2 T normal to the surface is applied, 
the second layer molecule shows a sharp dip at Fermi level. We attribute this to the inelastic 
tunneling feature caused by the spin flipping. This feature is not observed for the 
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TbPc2/Au(111) system, suggesting the decoupling between the TbPc2 molecule and Ag(111) 
by the presence of the first layer produces inelastic feature in the tunneling spectra. 
 In order to investigate the molecule substrate interaction by using STM, we observed the 
intermediate molecule-substrate interaction for Ag(111) substrate with  TbPc2  than that of 
Au(111) and Cu(111) substrate . Then, we demonstrate a direct visualization of the 
magnetic hysteresis of TbPc2 adsorbed on the Co islands which covers a sub-monolayer 
region of Au(111) surface by utilizing the SP-STM. In this experiment, we found that 
the TbPc2 molecule is spin polarized with attached to the ferromagnetic Co islands. The result 
of the SP-STM measurements showed that the spin of the TbPc2 is 
antiferromagnetically coupled to the magnetization of the Co island. Moreover,  an opening 
in the hysteresis curve even with the frozen magnetization of the Co island, unlike that with 
near-zero remanence typically reported for the bulk crystal and non-magnetic substrate is 
observed. Moreover, to develop the storage device capability, encapsulated single walled 
carbon nanotube (SWNT) is the very promising and foreshadows material in the field of 
nanoelectronics because of its multidimensional and exceptional electronic and magnetic 
properties. In my STM experiment with TbPc2 encapsulated SWCNT, we have observed 
magnetic and superconducting behavior of SMM encapsulated SWCNT where a cooper pair 
as twin peak appeared in STS at ±50mV.  
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Introduction 
Nano-scale magnetic materials such as Single Molecule magnets (SMMs) attract attentions 
in research because of its applications in the spintronic devices and quantum information 
processes. SMM is a class of molecules which behave like a magnet even as a single molecule 
unit. Even though the bulk properties of these molecules are promising for the use of 
electronic materials, the control of the interface between the molecules and the metal-
electrode and the characterization of the spin states are mandatory for successful use of these 
molecules in the spintronics application. 
 As the storage capacity of the storage devices increases, the size of the magnetic bit 
should be miniaturized. This causes a problem of random reorientation of its magnetization 
direction due to thermal fluctuations. The magnetic anisotropy energy (MAE) can scale the 
probability of the reorientation, which stimulated many efforts to achieve high MAE for 
magnetic materials. In surface-supported nanostructures, MAE can be modified in a 
controlled manner by varying the particle size, shape, and choosing appropriate substrate1,2 
At the same time, it is critical to understand the origin of the magnetic anisotropy. Spin 
polarized scanning tunneling microscope (SP-STM) can be a powerful tool to detect the spin 
behavior and the bonding configuration at the same time3-5. On the other hand, the single 
molecule magnet (SMM) can be a new material to replace classical ferromagnetic materials6-
8. SMM can behave like a ferromagnetic material even in a single molecule unit. This is 
induced by a high MAE formed by the ligands surrounding the metal magnetic atom of the 
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molecule. The working temperature of the SMM is often measured with the blocking 
temperature (TB) below which the molecule shows a remnant magnetic moment. With the 
development of the molecular design, there has been substantial improvement of the TB to be 
higher temperatures. Since it can store information of the spin direction in a molecule size 
below TB, it is considered as a good material for the spintronic device
6,8,11. 
However, even though the thermal flipping of the magnetization direction is suppressed 
by the large activation barrier, a quantum tunneling mechanism appears as another 
mechanism of the spin flip. In the quantum tunneling process, the spin state in the ground 
state can flip to the opposite direction when the energies of the two spin-states coincide, 
which is satisfied at the zero outer magnetic field. By the existence of the quantum tunneling, 
the magnetic hysteresis curve often shows no gap, whose behavior is similar to the 
paramagnetic material. 
For an application of SMM to a small storage device, this is a serious problem. There are 
several reports to suppress the quantum tunneling for the spin flip such as combination with 
CNT9,10,11, or adsorption on MgO film12. However, the atomic scale characterization of the 
spin behavior of SMM molecule is necessary to understand and control the quantum 
tunneling process for the spin flip.  
Moreover, to develop the storage device capability, encapsulated single walled carbon 
nanotube (SWNT) is the very promising and foreshadows material in the field of 
nanoelectronics because of its multidimensional and exceptional electronic and magnetic 
properties. Ruben and his coworkers shows an experimental results where they used TbPc2 
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molecule is side attached to the CNT that shows GMR up to 1000%. This study inspired us 
for later arrangement that is TbPc2 inside the SWNT and arise expectation about 
superconductivity. Encapsulated SWNT is the very promising and foreshadows material in 
the field of nanoelectronics. To develop the storage device capability this can be a good 
candidate for the material to be examined because of its multidimensional and exceptional 
electronic and magnetic properties. However, despite the progress of the STM study on side 
attached or atom filled SWNT for the detection of spins with an atomic scale resolution 
including STM , there is no direct observation of the superconducting behavior of the SMM 
encapsulated SWNT molecule. Besides the expectation to show this material 
superconductivity, this can be highly expected to show GMR and quantum dots. We believe 
this experiment will have great significance both for the instrumentation interest of the 
visualization of the spins of magnetic molecules on surfaces and for the contribution to the 
development of the technique to increase the electronic device making process including 
RAM, USB, and phone memory. 
 
In the first chapter of this thesis, we will introduce the basic properties of the SMMs and their 
potential application and origin of the magnetic properties. In the second chapter, we will 
introduce the basic principle of STM and review the techniques to detect the spin of 
individual molecules on surface and dominating conducting channels of the molecules. In 
the third chapter, we will describe the theory of the Kondo effect. Three Experimental studies 
will be described in chapter four, five and six where each includes introduction, Experiments, 
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results and discussion and summary. In chapter four, the study on STM observation of TbPc2 
molecule on Ag(111) will be described. SP-STM study of TbPc2 molecules on Co island on 
Au(111) substrates are described in chapter five. Finally in chapter six, another study that is 
STM study of SMM encapsulated SWCNT will be described.  
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Chapter 1 
Single molecule magnets 
1.1 Single molecule magnets and classical bulk magnets 
The origin of magnetism comes from the orbital and spin motions of electrons and how the 
electrons interact with one another. Diamagnetic and Paramagnetic materials are group of 
magnets that exhibit no collective magnetic interaction and are not magnetically ordered 
where ferromagnetic materials exhibit long range magnetic order below a certain critical 
temperature. Diamagnetic materials are composed of atoms which have no magnetic moment 
i.e. all the orbital shells are filled and there are no unpaired electrons. When external magnetic 
field applied, however, a negative magnetism is produced and thus the susceptibility becomes 
negative fig 1.1(a) 
 
Paramagnetic materials have a net magnetic moment due to unpaired electrons in partially 
filled orbitals. These materials become magnetized in a magnetic field but their magnetism 
disappears when the field is removed. However, in the presence of the field, there is partial 
alignment of the atomic magnetic moments in the direction of the field, resulting in a net 
positive magnetization and positive susceptibility fig 1.1(b) 
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Unlike paramagnetic materials, the atomic moments of the ferromagnetic materials exhibit 
very strong interactions where the interactions are produced by electronic exchange forces. 
The exchange force is quantum mechanical phenomenon comes from the orientation of the 
spins of two electrons. Ferromagnetic materials exhibit parallel alignment of moments 
resulting in large net magnetization even in the absence of a magnetic field. 
Figure 1.1 Magnetization of different types of magnetic material 
(a) (b) 
Hysteresis 
loop 
(c) (d) 
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There is difference between the susceptibility of paramagnetic and ferromagnetic materials. 
As compared to the paramagnetic materials, the magnetization in ferromagnetic materials is 
saturated in moderate magnetic fields and at high temperatures.  
Even though electronic exchange forces in ferromagnetic materials are very large above the 
curie temperature, the saturation magnetization goes to zero fig 1.1(c) In addition to the curie 
temperature and saturation magnetization, ferromagnetic materials can retain a memory of 
an applied field once it is removed. This behavior called hysteresis and the variation of 
magnetization with magnetic field makes a loop called hysteresis loop fig 1.1(d) 
Single molecule magnets (SMM) are a class of high spin molecules that exhibit magnetic 
hysteresis below a certain blocking temperature. They are regarded as a magnet which has a 
single magnetic domain. The magnetism of the SMM can be uniquely defined owing to the 
steady molecular structure. SMMs should have spin quantum number S (or total angular 
momentum J) and the spin quantum number S should be larger than 1. The projection of the 
spin on a specific direction is quantized and given the quantum Ms which vary from +S to –
S in integer. Therefore any S state contains 2S+1 degenerate Ms states. The degeneracy of 
Ms states can be resolved by a ligand field (or crystal field), which is known as zero field 
splitting (ZFS). With the ZFS constant D, the energy of each Ms levels are represented by  
DMS
2                                                                   (1.1) 
 
Therefore, if D is zero, the 2S+1 Ms states would be degenerate. If D is larger than zero, the 
lowest state would be Ms = 0. If D is negative value, the lowest levels would be doubly 
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degenerated Ms = +S and Ms = -S and there is potential barrier between two ground states 
that has to be overcome to reverse a magnetization. The barrier height is called magnetic 
anisotropy energy (MAE). This is often represented by a double well potential. 
 
1.2  Application of single molecule magnets 
Now a days the challenge of use the technology to find an efficient way to store and process 
digital information. There are some possibilities to do. One is press more data onto storage 
devices by making the smaller magnetic nanoparticles that are currently used. Other one is 
to develop fundamentally different ways to process information, such as quantum based 
computing. The trickiest part is to develop new material. For this reason, single molecule 
magnets are potentially important for application in high density information storage and 
quantum computing.  
SMMs are transition-metal clusters that individually exhibit the classical properties of a 
magnet below a certain blocking temperature, such as 4K, where the classical bulk magnets 
depends on the united behavior of unpaired electron spins of hundreds of individual metal 
centers in a bulk material. Because of their small size, SMMs exhibit the quantum tunneling 
of magnetization and quantum phase interference which is the key properties of materials to 
act as a quantum bits or simply qubits.  
Besides their size, SMMs have lots of other benefits above traditional magnets. Because of 
the peripheral ligands, they are soluble in organic solvents where other conventional 
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magnetic particles are insoluble. Moreover, unlike magnetic particles made by breaking 
down larger bulk materials, SMMs have a uniform size. Because of their high stability, they 
can be used for long term storage and that allows for thermal deposition in ultra-high vacuum 
environments.  
 
 
1.3  Double-decker phthalocyanine molecule (TbPc2) 
 
The SMMs containing a single magnetic ion was first reported by Ishikawa et al. in 2003 for 
phthalocyaninato-lanthanide complexes [LnPc2]
-.TBA+  (bis(phthalocyaninato) lanthanide, 
TBA+ = (C4H9)4N+) with a ‘double-decker’ structure. Several oxidation states of the 
double-decker complexes have been known. In the air, two oxidation states are stable. Those 
are: [LnPc2]- and [LnPc2]0. The Schematic model of phthalocyanine molecule is shown in 
Figure 1.3. The complex is composed of a trivalent lanthanide ion which is sandwiched by 
two dianion –phthalocyanine ligands. Therefore, in the former complex, each Pc ligand has 
a formal charge of -2 with a closed shell electronic configuration. On the other hand, the 
neutral complex [LnPc2]0 has an extra electron as unpaired π electron delocalized over the 
two Pc ligands Ishikawa et al. predicted a presence of magnetic interaction between 4f 
electrons and unpaired π-electron which may detect by spectroscopic measurements13. 
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The size and the height of the LnPc2 molecule are around 1.6 and 0.4nm respectively, taken 
as  the distance between the two phthalocyanine ligands. Both of phthalocytanines are saucer-
shaped and slightly distorted, with one ligand deviating more from planarity than another. 
Two phalocyanine ligands are rotated by ~45° with respect to each other. Therefore, the Ln3+ 
ion has eight hold coordination with the N ligand atoms results in ligand field the ion senses 
is approximately D4d symmetry. With the measurement of ac magnetic susceptibilities, 
SMM behavior is observed for only the complexes of Tb and Dy, but not for other heavy 
lanthanides. The much higher blocking temperature of TB~ 40K is obtained for Tb complex 
than the TB for 3d metal SMMs (3.1 K Mn12), imply that TbPc2 has extra ordinary huge-axis 
MAE. The magnetic anisotropy is induced by the ligand field where the lanthanide ion is 
placed. The huge MAE is due to the large spin orbit interactions of heavy metal elements.  
 
 
 
Figure 1.3: Schematic model of a double-decker phthalocyaninato molecule 
bis(phthalocyaninato)lanthanide (LnPc2) 
Ln 
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Chapter 2 
Scanning tunneling microscope (STM) 
2.1  How STM works 
Electron, as an elementary particle, behaves as a wave matter that permits the tunneling 
through an energy barrier between two surfaces. This is called quantum tunneling 
phenomenon that was first observed by Gerd Binnig and Heinrich Rohrer at IBM Zurich in 
order to image material surface with atomic resolution. The development of STM in 1981 
earned it inventors the Nobel Prize in Physics in 1986. When two metals are brought near 
enough, (~1nm), electrons from occupied states of the negatively biased surface (sample) 
tunnels into unoccupied states of the positively biased surface (tip). 
 
Figure 2.1 energy band diagram of tip-sample interface. Both tip and the sample are assumed 
to be metallic with constant DOS. Arrows pointing to the sample near the Fermi energy EF 
indicate the tunneling electrons from the tip to the sample. 
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This is illustrated in an energy band diagrams in Fig. 2.1. The tunneling current It, can be 
derived by using Fermis golden rule of first-order time-dependent perturbation theory 
 
 
 
Figure 2.2: Schematics diagram of STM works. 
 
 
 It =  
4𝜋𝑒
ħ
 ∫ 𝑀2 𝜌𝑠 (𝐸𝐹 − 𝑒𝑉𝑏 + 𝐸)𝜌𝑡 (𝐸𝐹 + 𝐸) × [𝑓(𝐸𝑓 − 𝑒𝑉𝑏 + 𝐸) − 𝑓(𝐸𝐹 + 𝐸]𝑑𝐸
∞
−∞
 
 
Where M is the tunneling matrix, ρs and ρt are the density of states (DOS) of the sample and 
the tip, f(E) is the Fermi function, e is electron charge, ħ is reduced Planck constant and Vb 
is the tip-sample bias. By assuming a simple square tunnel barrier and exponential decay of 
the wave functions, the matrix M, can be written as: 
19 
 
𝑀2 ∝ exp(
−2𝑑
ħ
√2𝑚𝜑   ) 
Here, m is the electron mass, d is the separation of the tip and sample, and φ is the effective 
barrier height. The latter is the average of tip and sample work functions: (φt+φs)/2. Plugging 
Eq. 2.2 in Eq. 2.1 one can write the tunneling current as: 
 
𝐼𝑡 ∝ exp (
−2𝑑
ħ
) 
 
 
The exponential decay of current, with increasing the tip-sample separation, is the basis of 
the scanning tunneling microscope (STM). Therefore, by keeping the tunneling current 
constant using a feedback loop system, tip closely follows the sample corrugation while 
scanning across the surface. The contour maps obtained in this scanning mode (constant 
current mode) are often referred to the topographic images of the sample surface. However, 
the better interpretation of them is the contour map of constant charge densities. 
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2.2 Tunneling spectroscopy 
Besides the topography, STM is capable of probing DOS of the sample. By assuming a 
constant DOS in energy for the metallic tip and by taking the derivative of It in Eq. 2.1 with 
respect Vb, we obtain:  
 
𝑑𝐼𝑡
𝑑𝑉𝑏
 ∝  𝜌𝑠 (𝑥, 𝑦, 𝑒𝑉𝑏) 
 
 
Figure 2.2. Schematic diagram of scanning tunneling spectroscopy system 
The DOS also varies as a function of position (x, y). Thus by changing the location of the tip 
and the bias voltage, the so-called local density of states (LDOS) at different energies is 
observable. A common way to perform tunneling spectroscopy is to scan the tip to the point 
of interest using STM feedback. Afterward, disabling the feedback loop and sweeping Vb 
while recording the It. 
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Chapter 3 
Kondo effect 
 
Figure 3.1: Minimum resistance for Cu with impurities 
 
In this chapter we will introduce Kondo effect which take great interest of physicist in 
the solid state region. The Kondo effect arises from the scattering of conduction electrons 
with the magnetic impurity. An impurity typically has an intrinsic angular momentum or 
“spin” that interacts with the electrons. As a result, the system becomes a many body 
problem. Recently, the Kondo effect on a single-atomic level could be investigated by 
using scanning tunneling microscopy. The study of magnetism on an atomic scale 
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improves our knowledge of the interaction of single magnetic impurity with the 
conduction electrons of the host metallic surface.  
 
 
3.1 The anomaly of electron transport at low temperature 
Since electron can travel more easily through a metallic crystal when the vibration of the 
atoms are small, the electric resistance of a pure metal usually drops as its temperature is 
lowered. However, in some metals, the resistance minimum have been reported at low 
temperature (~10K)14. The resistance saturates as the temperature is lowered below 10K 
due to static defects in the material. Some metals, for example, lead, niobium and 
aluminum, can suddenly lose their resistance to electric current and become 
superconducting. At a certain temperature, this phase transition from a conducting to 
superconducting state occurs. Electrons behaves as a single entity below this so called 
critical temperature. Superconductivity is the elite example of a many electron 
phenomenon. On the other hand, other materials, for example copper and gold remain 
conducting and have constant finite resistance, even in lower temperature. Fig. 3.1 shows 
the resistance minimum for gold. The value of the low temperature resistance depends 
on the number of defects in the material. The value of the “saturation resistance” increases 
by adding the defects but the temperature dependency remains the same. Interestingly, 
this behavior changes if magnetic atoms, such as cobalt, are added. The electric resistance 
increases as the temperature is lowered after the saturation, this behavior does not involve 
the phase transition. But the so called Kondo temperature is the temperature at which the 
23 
 
resistance starts to increase again. At that time, this phenomena could not be explained. 
There have been many observations of an anomalous increase in the resistance of metal 
at low temperature since 1930. But it took 34 years for a satisfactory explanation to 
appear.  
 
Figure 3.2: Origin of Kondo resonance 
In 1964, Kondo explained the phenomena and contributed in understanding of behavior 
of electrons around magnetic impurities. He considered the s-d exchange interaction 
between conduction electrons and the magnetic moments of impurity atom, and derived 
a theory which explains well the resistive minimum. It not only gives the explanation but 
also poses the problems about the nature of magnetic moments in metals which contain 
many-body problems. 
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3.2 Anderson model and Kondo resonance peak 
Anderson gave an intuitive model which describes a single magnetic impurity embedded in 
a non-magnetic metallic host15 that providing a microscopic justification for the Kondo 
model. The Anderson Hamiltonian which shows the electrons of local impurity in the metal 
is given by    
           𝐻 =  ∑ 𝜀𝑘𝑘𝛼 𝑐𝑘𝛼
+ 𝑐𝑘𝛼 + ∑ (𝑉𝑘𝑓 𝑐𝑘𝜎 
+ 𝑓𝜎 + 𝐻. 𝑐. )𝑘𝛼   + Ef  ∑ 𝑓𝜎
+𝑓𝜎𝑘𝜎 + 𝑈𝑛𝑓↑𝑛𝑓↓        (3.21) 
Here, 𝜀𝑘 is the energy of conduction electron, Ef is the energy of f orbital, 𝑉𝑘𝑓 is the mixing 
integral of conduction band and f orbital and U is Coulomb integral between two f electrons 
in the f orbital. The first term is the Hamiltonian for free electrons. The second term is 
hopping term between conduction band and f orbital. The third and fourth terms are the 
impurity Hamiltonian, former corresponds to the energy of f orbital and later represents 
Coulomb repulsion. The above Hamiltonian is written in the second-quantized form. 
𝑐𝑘𝛼,   
+ 𝑐𝑘𝛼, 𝑓𝜎
+, 𝑓𝜎 are the creation and annihilation operators for the conduction electrons and 
d orbital. (𝑛𝑓↑ = =  𝑓↑
+𝑓↑   , 𝑛𝑓↓ = =  𝑓↓
+𝑓↓ ) The interpretation of 𝑐𝑘𝜎 
+ 𝑓𝜎  is annihilating an 
electron on the impurity and creating one on the conduction band.  
In the following three cases, we can obtain the exact solution of the Anderson Hamiltonian 
(3.21). (1) If U is zero. In this case, it becomes one-particle problem and its eigenstates are 
Slater determinants. (2) If Vkf is zero. The impurity which has magnetic moment is isolates 
in the Fermi sea. (3) If 𝜀𝑘 is zero. Conduction electrons cannot move, thus we consider only 
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the s electron coupling with f electron by the hybridization Vkf. In the general case, The 
Hamiltonian (3.21) is difficult to solve.  
Anderson considered this Hamiltonian in a hartree-Fock approximation. Anderson 
decomposed nfσ to  
                                                     nfσ = 〈𝑛𝑓𝜎〉 + 𝛿𝑛𝑓𝜎                                                      (3.22) 
〈𝑛𝑓𝜎〉 is the average value of nfσ and 𝛿𝑛𝑓𝜎 is the fluctuation from it. The U term in the 
Hamiltonian can be expanded in 
              𝑈𝑛𝑓↑𝑛𝑓↓ = U (〈𝑛𝑓↑〉 〈𝑛𝑓↓〉 + 〈𝑛𝑓↑〉 𝛿𝑛𝑓↓ +  〈𝑛𝑓↓〉 𝛿𝑛𝑓↑ +  𝛿𝑛𝑓↑𝛿𝑛𝑓↓ )                (3.23) 
We will neglect the first term in the right side, because it is constant (we are not interested in 
total energy). The last term represent the interaction including charge fluctuations. Anderson 
discarded this term as the product of 𝛿  is small, which is equivalent to a Hartree-Fock 
approximation. Now we can replace the Ed term in Anderson Hamiltonian with 
                                                        Ef  →  Ẽf  ≡ Ef  + U〈𝑛𝑓−𝜎〉                                         (3.24) 
(3.24) can be substituted in the Hamiltonian lead into  
                    HHF = ∑ 𝜀𝑐𝑘𝜎
+
𝑘𝜎 𝑐𝑘𝜎 + ∑ (𝑘𝜎 𝑉𝑘𝜎𝑐𝑘𝜎
+ 𝑓𝜎  + H.c.)  + ∑ Ẽ𝑓𝜎𝜎 𝑓𝜎
+𝑓𝜎                   (3.25) 
The U term is absorbed in Ẽf, thus we can solve (3.25) as one particle problem. The 
calculation based on above approximation, however, gives the resonant d- or f- levels, but 
does not give the Kondo resonant peak at the Fermi level. It is natural, because the Kondo 
effect is many body problems. Above approximation spoils the many body effect omitting 
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the product of fluctuation𝛿𝑛𝑓↑𝛿𝑛𝑓↓. To obtain the Kondo resonance peak we have to start 
from (3.21) and investigate the spectrum by using the Green function method. In this section, 
we do not use the Green functions and describe the Kondo resonance intuitively.  
 
 
Figure 3.3: Schematic drawing of the density of state of a single magnetic atom on a metallic 
surface. 
We will consider that the impurity level Ef is below the Fermi level EF which means an 
impurity level can be occupied by two electrons; one with up spin and the other with down 
spin, according to the Pauli Exclusion Principle. However, when the impurity orbital is well 
localized like 4f orbital, the energy for Coulomb repulsion energy between two electrons 
occupying an impurity orbital.  
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                                                   Ef < EF,  Ef + U > EF                                                     (3.26) 
are the condition for that the impurity has magnetic moment. Later inequality of equation 
(3.26) hamper second electron to occupy the impurity state. The degeneracy of impurity 
orbital is neglected for simplicity. Now, we consider the rare earth metal of cerium has one 
4f electron. Due to the hybridization between the 4f states and the conduction band of the 
host metal, the 4f levels are broadened by 
                                                  ⊿ =  𝜌°|𝑉|2                                                                    (3.27) 
Here, 𝜌° is the density of state at EF of the host metal and V is the hybridization matrix 
element which couples the localized state with the continuum of band states. 
Exchange process occurs with spin-flip of the impurity spin, while a spin excitation state near 
EF is created. The spin-flip can be realized by two ways shown in Figure 3.4; (i) first the 
electron in 4f state tunnels to the Fermi sea (4f1 → 4f0 ) and then another electron of the 
occupied Fermi sea refills the 4f state (4f0 → 4f1 ), (ii) the second electron tunnels into the 4f 
state from the occupied Fermi sea (4f1 → 4f2 ) first, and one electron tunnels back to the Fermi 
sea (4f2 → 4f1 ). The final state 4f1 can have the opposite spin state as the initial one. In 
quantum mechanics, the Heisenberg uncertainty principle permits above excitations as 
virtual processes for very short lifetimes of h/|𝜀𝑓| and h/|𝜀𝑓+ U|, respectively. 
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Figure 3.4: The spin of the singly occupied 4f state can be flipped by a bulk electron of 
opposite spin by two different processes. In process (i), first emptying the 4f state and then 
refilling it. In process (ii), the first filling a second electron into the 4f state and removing 
one electron from it. The final state can have the opposite spin as the initial state.  
 
Above virtual process with spin exchange modifies the energy spectrum of the system. By 
taking account of many such processes together, a new ground state with lower total energy 
is deduced; the Kondo resonance which is generated near the Fermi level (EF). The Kondo 
resonance is many body phenomenon. The many conduction electrons’ spins interact with 
the local magnetic moment of the impurity, results in the non-magnetic Kondo singlet state 
in which the spin of the impurity is quenched by making pare with the many electrons of the 
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bulk continuum. Since the Kondo temperature kBTk can be regarded as the binding energy for 
forming the Kondo singlet, the width of the Kondo resonance is on the order of ~kBTk
316. The 
Kondo temperature was represented by  
                                              kBTk  ~ D𝑒−1/2𝜌°                                                                 (3.28) 
The important factor to determine the Kondo temperature is J which reflects the hybridization 
between the 4f orbital of the impurity atom and the conduction band. Therefore, strong 
hybridization leads to large Kondo temperature. The Kondo temperature is very important 
and it defines the Kondo system. 
The Kondo resonance of the rare earth element of Ce has been obtained by high resolution 
photoelectron spectroscopy (PES)17-19 and inverse photoemission spectroscopy (IPES)20 in a 
conduction electron gas. Using a quantum dot, a tunable Kondo effect has been 
demonstrated21,22. The number of electrons in the dot can be changed from even to odd 
reversibly by using a Coulomb-blockade. The Kondo peak appears in dI/dV curve with the 
odd numbers of electrons in the quantum dot, but it does not appear with the even number of 
electrons. The spectroscopic structures are well described with the Anderson single impurity 
model19. The schematic representation of the spectrum is shown in Figure 3.5. 
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Figure 3.5: Schematic representation of photoelectron spectroscopy for Kondo system of 
rare earth elements. The Kondo resonance appears near the Fermi level EF with the width of 
Γ ~ kBTk. Γ is much narrower than the width of resonant 4f states ( ⊿ =  𝜌°|𝑉|2) 
 
 
3.3 Kondo effect detected by STM 
The Kondo effect arises from spin-flip scattering between the impurity’s local magnetic 
moment and the conduction electrons of a metal host i.e it occurs at the atomic scale. 
However, most of the measurement of Kondo effect, for example, photoemission 
spectroscopy had involved macroscopic averaging. Madhavan et al. first represented the 
detection of local electronic properties of the Kondo system formed by single cobalt adatoms 
on Au(111) surface in 199823. By using STM, they observed the Kondo resonance for 
individual magnetic atoms on the metal surface at the temperature of 6.6 K. In the dI/dV 
IPES  PES 
Kondo 
Resonance 
DOS 
EF Ef Ef + U 
31 
 
spectrum for a single Co adatom on Au(111), the asymmetric dip was observed near the 
Fermi energy (EF). The width of the EF resonance is much narrower than the widths expected 
s-, p-, or d- originated ad atom resonances. This EF resonance shows the characteristic 
temperature dependence which brings an evidence of the Kondo resonance24. Below the 
Kondo temperature, conduction electrons of the metal substrate are strongly bounded by the 
local spin of a Co ad atom and compose the Kondo singlet, lead to the EF resonance. The 
Kondo temperature for Co/Au(111) is 70 K23 that is considerably smaller than the Kondo 
temperature of Co impurities in the bulk Au (Tk ~ 300-700 K)
23. The lower Tk for Co/Au(111) 
comes from the lower coordination of Co on the surface which decreases the overlap of the 
d orbital with conduction band and results in the smaller |J|. 
An electron tunneling from a STM tip to the Kondo resonance has two possible channels; the 
d orbital and the continuum which leads to an additional quantum interference term. The 
asymmetric dip shape of Kondo resonance in the Co/Au(111) is the result of this quantum 
interference between the d-orbital and continuum conduction electrons channels, as well as 
their coupling to the STM tip25,26. This is known as Fano resonance24 
 
                                                
dI
dV
 (V) ∝ 
(𝜀′+𝑞)2
1 +𝜀′
2
 
                                                                (3.31) 
                                                   𝜀′ = 
𝑒𝑉− 𝜀₀
𝛤
                                                                              (3.32) 
Here, q reflects the quality of the tip-adsorbate coupling, 𝜀₀ is the energy location of the 
resonance and Γ is the resonance width (FWHM). The line shapes of equation (3.31) and 
32 
 
(3.32) for different q values are shown in figure 3.6. The physical value of q implies that the 
STM tip is strongly coupled to the atomic orbital, while a low value of q implies that the tip 
is more strongly coupled to the conduction electron continuum than the atomic orbital. 
Roughly, if the magnetic impurity strongly adsorb to the substrate, the Kondo dip would 
appear rather than peak. For example, in the case of 3d transition metals on metallic surface, 
in which the 3d orbitals strongly couple to the conduction band of the substrate, q is smaller 
than 1 and leads to an asymmetric resonance depicted in figure 3.6. In fact, dI/dV 
measurements on magnetic atoms on metallic surfaces generally do not show the kondo 
resonance peak in spectra, but rather dip-like resonance close to the Fermi level (q ~ 0.6 for 
Co/Au(111))23. The spatial dependence of the dI/dV spectra shows  that the q parameter 
decreases when the STM tip position is moved from the center of a Co adatom. This is 
interpreted as the coupling between the tip and magnetic moment is decreased which leads 
to decrease of q. 
The STM studies of molecular Kondo effects also have been reported. Molecules have the 
degrees of freedom of deformable structures and controllable electronic states which can 
couple to the spins of magnetic ions in the molecules. These characters of molecules can be 
expected to be used to control the Kondo effects (Kondo temperatures). By using the 
modification to the molecular structures, the switching of Kondo effects have been 
demonstrated27. Moreover, the Kondo effect of the radicals as tetrathiafulvalence-
tetracyanoquinodimethane (TTF-TCNQ) [31] and 1,3,5-triphenyl-6-oxoverdazly (TOV)[48] 
molecules on Au(111) has been observed, the Kondo temperatures of these molecules are 
26K and 37K respectively.  
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Figure 3.6: Fano resonance line shape for different q values. When q = 0, a dip is obtained, 
while q >> 1 a peak is obtained. For q ~ 1, an asymmetric resonance is obtained. 
STS is one of the most widely used techniques for detecting Kondo resonance. Electronic 
states of a molecule as the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) appears as peaks in a dI/dV plot. 
The Kondo resonance of a magnetic molecule is illustrated in Figure 3.7(a), where the center 
of the spin of a molecule is sandwiched by the STM tip and the substrate. For a magnetic 
molecule, the spin center is usually the electron in a singly occupied molecular orbital 
(SOMO) which interacts with the conduction electrons to form a Kondo resonance. The 
SOMO state, which is specified by the energy ε, should show the increase in the energy due 
to the on-site Coulomb energy U when it is doubly occupied. A sharp increases in DOS at 
the Fermi level occurs if the Kondo resonance is formed (Figure 3.7(b)). 
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Figure 3.7: (a) Schematic model of the Kondo resonance. ε, U, Γrepresent the energy 
level, Coulomb repulsion energy, and the peak width of the singly occupied molecular 
orbital (SOMO) state, respectively. (b) Schematic of a typical STS plot of the Kondo 
resonance. 
Nagaoka et al. showed the following formula for the T dependence of the Kondo peak 
width (Γ(T )) 
Γ(T ) = 2√(𝜋𝑘𝐵𝑇)2 + 2(𝑘𝐵𝑇𝑘)2 
Where 𝑘𝐵is the Boltzmann constant and 𝑇𝑘 is the Kondo temperature. 
𝑇𝑘 can be expressed as follows  
𝑇𝑘∞ exp(−𝜋|𝜀|)/𝑚𝛤𝑠) 
Where 𝛤𝑠 is the peak width of the electronic state of the spin center after hybridization 
with the surface, εis the energy level relative to fermi energy, and m is the degeneracy 
of the orbital. 𝛤𝑠  decreases when the distance between the spin and the substrate are 
separated, owing to a decrease in the hybridization between the molecule and the 
substrate phthalocyaninato-terbium(III) multiple-decker complexes.  
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Chapter 4 
STM study on TbPc2 molecule on Ag(111) substrate 
4.1 Introduction 
Molecular spintronics is an emerging field of research that combines spintronics and 
molecular electronics28. The spin coherence length in the organic material is longer than that 
in the inorganic materials due to the weak spin-orbit coupling and hyperfine interactions,28 
which makes the organic molecules suitable for spin transport material. Moreover, by 
combining with photochromism and electrochromism,29,30 the spin switching should be 
possible since there is a strong correlation between the structure and electronic properties of 
molecules.31,32  
Single-molecule magnet (SMM) has attracted much attention. SMMs represent a class of 
compounds in which a single molecule behaves as a magnet.33,34 The reported blocking 
temperature, below which a single SMM molecule works as an quantum magnet, has been 
increasing with the development of the molecular design and synthesis techniques of 
multiple-decker Pc complex. However, even though the bulk properties of these molecules 
are promising for the use of electronic materials, the control of the interface between the 
molecule and the metal-electrode is mandatory for the successful use of these molecules for 
the spintronic applications. 
Scanning tunneling microscope (STM) and scanning tunneling spectroscopy (STS) have 
played an important role in the characterization of the molecule film and the interface with 
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the metal surface. In addition much effort has been devoted to the development of spin 
detection techniques with an atomic scale resolution based on the STM and STS. These 
include spin polarized STM35-38, inelastic tunneling spectroscopy (IETS) of spin flipping39-41 
and Larmor precession detection in the high frequency component of the tunneling current42-
45. The observation of the Kondo resonance is another promising technique for examining 
spin at surfaces and interfaces. The Kondo effect is caused by the interactions between 
conduction electrons and localized spin.46 The research of the Kondo resonance using STM 
has started for the observation of single magnetic atoms47-52, which were followed by that for 
adsorbed molecules53-76.  
We previously reported structure and spin state of Bis(phthalocyaninato)terbium(III) 
(TbPc2) molecules deposited on Au(111) surface.
77 In this article, we tune the molecule-
substrate coupling by switching the substrate to Ag(111), which provides stronger interaction 
with the molecule than that of Au(111). A pseudo square lattice is confirmed on Ag(111) 
surface, where the rotation angle between the top and bottom Pc () changes between 45o 
and 30o in an alternative manner. In addition checker-board type contrast variation is 
identified which is well explained by the existence of two types of molecules whose 
rotational angle between the top and bottom Pc is =45o (bright molecule) and =30o (dark 
molecule). The expected stronger molecule-substrate interaction appears as intriguing dI/dV 
mapping image which reveals the spatial distribution of the density of states (DOS). We 
identify the contrast reversal in the dI/dV mapping for the molecules of =45o and =30o at 
the sample voltages of V=0.7 eV and 1.1 eV. Combined with the density functional theory 
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(DFT) calculation, we attribute this change to the shift of electronic states of the Pc ligands 
formed by the rotational angle change between the top and bottom Pc's.  
For the spin behavior, we previously observed a Kondo resonance for the TbPc2 molecule 
adsorbed on Au(111) surface.77 On Ag(111) surface, the Kondo resonance is hardly observed, 
which is due to the charge transfer from the substrate to the molecule due to the stronger 
coupling than that formed on Au(111). Instead we observe a Kondo peak for the molecule 
on the second layer, for which the spin recovers due to the reduction of the coupling between 
the molecule and substrate. In addition, when a magnetic field of 2 T normal to the surface 
is applied, the molecule in the second layer shows a sharp dip at Fermi level. We attribute to 
the inelastic tunneling feature caused by the spin flipping. This feature was not observed for 
the TbPc2/Au(111) system, suggesting the decoupling between the TbPc2 molecule and 
Ag(111) by the presence of the first layer favors the appearance of the inelastic feature in the 
tunneling spectra. 
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4.2 Experiment 
4.2.1 Molecule synthesis 
In this part, we will briefly summarize the synthesis of double-decker molecules. All reagents 
were purchased from Wako or Aldrich and used without further purification. The compounds 
were prepared following reported procedures78-80 with slight modifications. A mixture of 1,2-
dicyanobenzene (62.7 mmol), M(OAc)3 .4H2O (M = Tb, Dy and Y; 3.92 mmol) and 1,8-
diazabicyclo[5,4,0]undec-7-ene (33.5 mmol) in 200ml of 1-hexanol was refluxed for 1.5 days. 
The solution was allowed to cool to room temperature and then filtered. The precipitate was 
washed with acetic anhydride, cold acetone and n-pentane. Then, the precipitate was dried in 
air. The green extracts were combined, concentrated and purified using column 
chromatography (C-200 silica gel, Wako). The eluent was 98:2 CH2C12/MeOH. The green 
fraction, which was also the first fraction, was collected while being careful not to 
contaminate with the fraction containing the [MPc2]
-1 complex, which was the second 
fraction (blue-green). The green fraction was concentrated, and n-hexane was added until the 
compound got precipitated. The green precipitate was filtered and dried in vacuo. In general, 
the yield was 2-5%.  
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4.2.2 Sample preparation and condition of STM observation 
All experiments were done at 4.7 kelvin temperature in an ultrahigh vacuum. The substrate 
was single a crystal Ag(111). Ag(111) substrate was prepared by 3 cycle Ar+   sputtering and 
annealing, where sputtering is done with 1.9x10
-3
Pa pressure, 4.26µA ion current and 600eV 
electron energy  for 2 minutes and annealing is done with 2.1x10
-5
Pa Pressure, 4 mA 
Emission current and 500eV Electron energy for 6 minutes.  
After prolonged degassing the molecule was deposited on the Ag(111) surface by vacuum 
sublimation method. Ta boat was used to evaporate the molecule by this method. X-ray 
photoemission spectroscopy was performed using non-monochromatized X ray source of 
AlKα to check the composition of the deposited molecule. At room temperature, TbPc2 
molecule were deposited at a flux rate of ~0.1monolayer per minute on the Ag(111) surface. 
No subsequent annealing was executed after the deposition.   
All the preparation, such as the substrate cleaning, molecule deposition, were done in ultra-
high vacuum condition which is connected by metal valves. The low temperature STM 
observation also done in ultra-high vacuum chambers. The sample could be transferred 
between the metal valves without exposing to air. The STM head (Unisoku.Co. Ltd, Japan) 
was placed in a tube-like stainless chamber, which was inserted into a He dewar. The He 
dewar was attached to an air suspended table that was located below floor level to isolate 
from any vibrations. The assembly comprised of the tube scanner, STM tip and sample holder, 
and inertia slider for coarse motion of the tip was suspended by spring to isolate it from 
vibration. Topological STM images were obtained in the constant current mode. Scanning 
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tunneling spectroscopy (STS) spectra were obtained using a lock in amplifier (LI5640, NF 
Corp., Japan) in which modulation voltage of 1mV superimposed onto the tunneling bias 
voltage. If the different modulation voltage used, it is mentioned in the text. d2I/dV2 spectra 
were obtained using the standard method with the use of the lock in amplifier. For the 
measurement, we generally used the following parameters: 10mV for the modulation voltage, 
30 ms for the time constant of the lock in amplifier, ~120 s for the voltage ramping and 0.1nA 
tunneling current, 800mV bias voltage for the set point. 
 
4.2.3 DFT calculation 
The first-principle calculations are performed using the VASP code, employing a plane wave 
basis set and projector augmented-wave (PAW) potentials to describe the valence electron 
behavior.81-82 A generalized gradient Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
potential was also used.83 The structure-optimization is repeated until the forces are less than 
0.05 eV/Å. Due to the absence of dispersion forces in the local and semi-local exchange-
correlation approximations, the molecule-surface distance of weak bonding such as the van 
der Waals interaction is still controversial. This results in ambiguity of the charge transfer 
from the substrate to the molecule. Nevertheless, the calculation results for the adsorbed 
molecule with van der Waals interactions are sufficient to understand the spin behavior when 
compared with the results calculated for molecules in a vacuum. The silver surface is 
modeled as a 5-atom thick slab. 
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4.3 Adsorption configuration of TbPc2 molecule on 
Ag(111) 
4.3.1 Isolated molecule of TbPc2 on Ag(111) 
 
 
Figure 4.3.1: Topographic image of (a) TbPc2 molecules were deposited on Ag(111) 
surface (b) magnified image of the TbPc2 molecule where the eight-lobes can be easily 
seen. Both images taken with Vs = -0.8V and It = 0.1nA 
A typical STM image of the surface where a sub-monolayer of double-decker phthalocyanine 
molecules; TbPc2 molecules were deposited on Ag(111) surface is shown in Figure 4.3.1 (a). 
The images were obtained for TbPc2. The height of the molecule is ~0.25nm. Figure 4.3.1 
(b) is the magnified image of the TbPc2 molecule in which the eight-lobes can be easily seen. 
The eight-lobes may represent molecular orbitals of Pc ligand. This assumption can be 
confirmed by investigating the electronic structure of single-Pc molecules. To do so, we 
performed the dI/dV mapping on TbPc2 molecule adsorbed on Ag(111). 
 
(b) 
(a) 
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4.3.2 Molecular film of TbPc2 on Ag(111) 
 
 
 
Figure 4.3.2 (a) Topographic image of TbPc2 film 
on Ag(111) White lines indicate the positions of the 
center of the molecule. (b) Magnified image of the 
film imaged with V= − 1.3 V and I=0.2 nA, 
containing 4×5 molecules. Note they show a 
checker-board contrast variation. (c) Same as (b) but 
obtained with V= - 0.8 V and I=0.2 nA. B and D are 
maked for bright and dark molecules, respectively. 
White scale bars are all 2.0 nm. (d) Model of TbPc2 
and simulated HOMO orbital 
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Figure 4.3.2 shows the Ag(111) surface after a sub-monolayer film of TbPc2 molecules 
is formed by a vacuum sublimation method. During the molecule deposition, the Ag(111) 
surface is kept at room temperature. In the right hand side part, bare Ag(111) surface is visible. 
The film part appears in the left hand side and forms a pseudo square lattice.  
The presence of the bare surface makes us possible to measure the height of the molecule 
in the first layer. The height is ~0.25 nm when measured with Vs=−1.0 V and It=0.2 nA 
condition, which is lower than the height of ~ 0.44 nm measured on Au(111). 50 The second 
layer of the molecule film can be seen in the left hand side marked by layer 2. In addition we 
observe isolate molecules on top of the first layer. Both have the height of 0.24 nm from the 
1st layer.  
The magnified image of the film is shown in Figure 4.3.2 (b) obtained with a bias voltage 
of − 1.0 eV. The lattice is indicated in the figure by using two unit vectors of a and b, which 
are perpendicular with each other and are 1.44 nm along [-110] direction, and 1.49 nm along 
[11-2] direction in length, respectively.  
In addition to the square lattice, we observe a checker-board-type contrast variation of 
the TbPc2 molecule in Figure 4.3.2(b). The neighboring molecules show bright and dark 
contrast change in an alternative manner at the center of the molecule, which we call B-
molecule and D molecule, respectively, hereafter.  
Interestingly the checker-board contrast disappears when observed at −1.0 V< Vs< 1.0 V. 
This is illustrated in Figure 4.3.2(c) where B and D molecules appear with almost a same 
contrast. As depicted in the figure, eight lobes can be seen clearly both for B and D molecules. 
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The appearance of eight lobes is examined by using the simulation with VASP. In Figure 
4.3.2(d), we show the distribution of HOMO orbital calculated by VASP, which indicates 
eight bright regions and that are placed on both sides of the symmetry line connecting the 
diagonal phenyl rings.  
This is beneficial in analyzing positions of the eight-lobe for both of B and D molecules, 
which can be used to determine the bonding configuration of the molecule on Ag(111) 
surface. Similar analysis has been reported for DyPc2/Au(111),
83 and TbPc2/Au(111).
77 In 
the following, we determine the rotation angle between two Pc's of each molecule and the 
direction of the molecule's symmetry line with a respect to Ag(111) substrate. 
First we examine the lattice formed by TbPc2 on Ag(111) surface, which is defined by 
two perpendicular unit vectors along [-110] and [11-2] directions. A previous study showed 
this type of the lattice for the H2Pc molecule deposited on Ag(111) surface.
84 The surface 
was formed by sublimating the molecule on the substrate at 300 K and subsequently heated 
at 520 K. It is claimed that the lattice forms 1.4 nm square, even though the crystallographic 
directions of the unit vectors are not specified.84 On Au(111) substrate which has an almost 
identical lattice size with Ag(111), the same molecule lattice has been observed for many 
single-decker Pc molecules like as FePc,85,86 CoPc,87-90 NiPc,85 CuPc,89-92  and SnPc.93  
In most of the cases, the adsorption configuration of those molecules is like that shown 
in Figure 4.3.3(a), in which the symmetry line of Pc which connects the diagonal phenyl rings 
is along a close-pack direction of the (111) substrate. It is rational to consider that the bottom 
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Pc of our experiment follows this bonding configuration, even though it cannot be directly 
probed by STM. 
Second we consider the azimuthal rotation of the top and bottom Pc of each TbPc2 
molecule. In Figure 4.3.3(b), we show the bright (B) and dark (D) molecules in a magnified 
image. We draw symmetry lines that connect the midpoints of the lobes of 1-2 and 5-6. As 
already stated, this should coincide with the diagonal symmetry line of the molecule. The 
vertical direction of this image is aligned with [-110] direction. The measured angles between 
the symmetry line and [-110] direction are ~ 15o and 30o for B and D molecules, respectively.  
Figure 4.3.3(c) shows a model of TbPc2 on the Ag(111) surface, in which the top Pc (red) 
is rotated 45o with a respect to the bottom Pc(blue); we choose this twist angle since it is 
close to the angle observed in the bulk crystal (~42 o).94 The bottom Pc and the Ag(111) 
substrate is placed with an identical manner with that of Figure 4.3.3(a), and the bottom Pc 
is aligned to the ]101[  direction. The symmetry line connecting the two phenyl groups of the 
top Pc provides an angle of 15o from [-110] direction, which agrees well with the angle of 
that for B molecule in Figure 4.3.3(b). 
Thus we believe that the assumption of the bottom Pc’s azimuthal angle and the rotation 
angle of 45o of the top Pc can reproduce the distribution of the observed lobes of the TbPc2 
molecules well. 
Third, we examine the angle of 30o observed in Figure 4.3.3(b) for D molecule. This can 
be achieved by rotating the top Pc in the counter-clock wise direction by 15o. The model is 
illustrated in Figure 4.3.3(d) where D molecule specified with yellow balls has 45o rotation 
angle between top and bottom Pc's but the D molecule with brown balls has 30o rotational 
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angle. The angle between the brown bar and the vertical [-110] direction becomes 30o and 
coincides with that observed in Figure 4.3.3(b). 
The mechanism of this rotation should be related to too small gap between molecules in 
case all top Pc's have 45o configuration with a respect to the bottom Pc's. This situation is 
illustrated in Figure 4.3.3(e) in which all top Pc depicted in red are 45o rotated from the 
bottom Pc that are placed with the same manner as that of Figure 4.3.3(a). At the regions 
marked by green circles, the intermolecular distance is too small that we can expect a inter-
molecular repulsive force. We believe this is one of the reasons for the appearance of 
alternative rotation of top Pc's. 
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Figure 4.3.3:  (a) Model of commonly observed single-decker Pc film on (111) surface. (b) 
Magnified image of the TbPc2 film on Ag(111) (V= - 0.8 V and I=0.2 nA). B and D represents 
bright and dark molecule whose contrast is obvious with Vs>1.0 V or Vs<−1.0 V conditions. 
(c) Model of the TbPc2. Top and bottom Pc's are illustrated in red and blue, respectively, and 
rotated 45o from each other. (d)Model of alternative rotation of TbPc molecules on Ag(111). 
Yellow and brown circles correspond to 45o (bright) and 30o (dark) molecules, respectively. 
(e) Illustration of model where top Pc are all 45o rotated from the bottom Pc. 
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4.3.3 dI/dV mapping of TbPc2 molecule on Ag(111) 
 
In the above section, we examine structural characteristics of the bright and dark molecules 
by checking the lobe positions.  
 
Figure 4.3.4: Comparison of topographic (a), and conductance mapping (b), images of TbPc2 
film on Ag(111), which are obtained at negative bias voltage of (i) −1.0 V, (ii) −1.6 V and 
(iii) −1.8 V. Note, while the molecule appeared bright in the topo images are constant, they 
show contrast reversal in the conductance mapping. 
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In order to understand the mechanism of the appearance of the checker-board type 
contrast variation observed in STM topographic image, we execute a conductance mapping 
that is expected to give spatial distribution of DOS at certain energy. Recently several reports 
studied dI/dV mapping for double-decker Pc molecules.95,96  
 
We compare topographic and conductance mapping images in Figure 4.3.4 obtained at bias 
voltages of -1.0 V, -1.6 V and -1.8 V. Seven molecules are aligned horizontally in the image. 
In the topographic image we see checker-board type contrast variation, whose pattern is same 
for the three biases. However in the dI/dV mapping, a large change in the appearance can be 
seen with the bias voltages. For Vs=−1.0 V, the bright molecule appears as a bright star-like 
feature and the center of the molecule appears as the brightest spot. 
This changes when the bias voltage is increased to -1.6 V, where eight lobes are highlighted 
on the perimeter circle of the molecule. However we should notice that the highlighted 
molecules correspond to the dark molecules in the topographic image. In the top row consist 
of seven molecules, four molecules are higher than the others at the center of the molecule in 
topo image, while three are highlighted in dI/dV mapping image. In the image obtained with 
Vs=−1.8 V, however, the highlighted molecules in topographic image and dI/dV mapping 
coincide with each other. A contrast conversion occurs between -1.6 V and -1.8 V. 
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Figure 4.3.5: Conductance mapping  of the molecule at positive bias voltages of 0.6 V (i), 
0.7 V (ii), 0.8 V (iii ), and 1.1 V (iv). A marker is shown with + mark which has a dark 
surrounding at (ii) and (iii) . 
Similar contrast conversion can also be observed for the positive sample bias. Figure 4.3.5 
shows dI/dV mapping at bias voltages of 0.6 V (i), 0.7 V (ii), 0.8 V (iii ), and 1.1 V (iv). 
We can see a defect which we use as a marker to adjust the lateral position, which is marked 
by + in the figure. The positions of the images in the figures are adjusted from the thermal 
drift and they provide the same area of the surface.  
As illustrated in the topographic image of the top panel, seven molecules are aligned in the 
horizontal direction. In the panel of (i) Vs=0.6 V, the bright molecule in topo image has a '×' 
like shape and bright lines are crossing at the center of the bright molecules. Similar image 
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is obtained for (ii) 0.7 V but the contrast difference of the bright-dark molecules is decreased. 
We can identify a dark circle around the defect maker of +. For the bias of 0.8 V in (iii), 
bright-dark molecules appear with a same contrast. However, for the bias of 1.1 V, a mapping 
image is similar to that of (i) except the lattice points of bright ×lines are shifted from the B-
molecule in (i) to D-molecule in (iv). 
 
Figure 4.3.6: (a) LDOS plots of N atoms both for the molecules where top Pc is rotated 
=45o (red) and =30o (black) from the bottom Pc. (b) Model of TbPc2 film on Ag(111) used 
for the calculation. Same with Fig. 2(c). (c),(d) Isosurface of charge in the energy range 
between 1.1 and 1.2 V (b), and 1.2 and 1.3 V (c) with a reference to the Fermi level. The 
isosurface of the charge density is calculated ~ 5 Å above the surface. 
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The contrast variation can be understood more clearly by comparing with DFT calculation 
executed using VASP code. We calculate the partial DOS (PDOS) of the unoccupied region 
at the N atom whose result is shown in Figure 4.3.6(a). The plots calculated for the 45o and 
30o molecules are compared. It is obvious that the PDOS features with energies less than 1.1 
eV has a small difference between them. However we see the peak at 1.20 eV only for the 
=45o, and at 1.27 eV only for 30o. This is the origin of the contrast inversion.  
To reveal the nature of this state, we show the isosurface of the charge-density 
distribution in the energy region between 1.1 and 1.2 eV with a reference to the Fermi level 
in Figure 4.3.6(c) and 1.2 and 1.3 eV in Figure 4.3.6(d).  
The arrangement of the molecules in the displayed area is that illustrated in Figure 
4.3.6(b) 3×3 molecules are displayed and the =30o molecule is placed at the center. The 
large fraction of charge density is distributed to =45o in Figure 4.3.6(c), while =30o 
molecule is only highlighted in Figure 4.3.6(d). The contrast conversion observed in STM 
images is well reproduced in this simulation. 
We should mention that the isosurface of the charge density is calculated ~ 5 Å above the 
surface. Two dimensional mapping is produced by slicing the charge distribution at the plane 
5 Å higher than the top-most surface. In the reality, since we scan the surface with a constant 
current mode and obtain dI/dV at each point, dI/dV information gives DOS information at 
different height. The tip position is closer to the substrate at the center of the molecule 
compared to the case it is placed at the perimeter of the molecule. The DOS distribution 
sliced closer to the surface shows more highlighted region closer to the center of the molecule 
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(not shown here). The actual image of the dI/dV mapping should be the combination of these 
two situations. We believe highlighted center observed in the mapping is due to such an effect. 
By summarizing this section, we demonstrate the formation of two distinct electronic 
states in the unoccupied region in a self-assembled manner due to the structural arrangement 
of the molecules. Applications can be considered including manipulation of the HOMO-
LUMO gap by designing the rotation angle of the top and bottom Pc.  
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4.4 A local spin observation and magnetic response 
of TbPc2 on Ag(111) 
 
 
 
Figure 4.4: dI/dV spectra measured on the lobe position of TbPc2/Ag(111). The 
molecules in the first-layer (a), in the second layer (b) are compared. When outer magnetic 
field normal to the surface of 2 T is applied, the peak in (b) changes into the dip in (c). 
 
We switch to the examination of the spin state of TbPc2 on Ag(111). In our previous 
study of the tunneling conductance (dI/dV) analysis on a TbPc2/Au(111), a sharp zero-bias 
peak (ZBP) is observed near the Fermi level. We assigned the ZBP of to the Kondo resonance, 
after confirming the temperature and magnetic-field dependence.77 The Kondo feature can 
be observed only when the tip is placed at the lobe position, and there is no Kondo peak when 
the tip is positioned at the center of the molecule where Tb atom is located. This indicates 
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the absence of the Kondo resonance at the Tb atom in spite of its large spin of J=6. It is 
speculated that the absence of the Kondo peak at the Tb ion position was due to its low TK.  
The Kondo resonance observed at the lobe position is caused by the radical of the Pc 
ligand. This is formed by the charge transfer of three electrons from the trivalent Tb3+ atom 
into two Pc's, which causes an unpaired  orbital at one of the ligand. 
For a TbPc2 molecule in the monolayer on Ag(111) surface, the Kondo resonance is 
hardly observed. A typical spectrum obtained at the lobe position is shown in Figure 4.4(a). 
The disappearance of the spin from a magnetic molecule due to a charge transfer to the 
molecule has been reported by several papers. First example is the CoPc molecule, which has 
a spin of S = 1/2 in vacuum,97 located in the dz
2 orbital. Zhao et al. examined the Kondo state 
of CoPc adsorbed on Au(111). No Kondo feature is observed for the CoPc deposited on 
Au(111) surface.98 The disappearance of the spin is explained by the filling of the dz
2 state as 
a result of the charge-transfer from the substrate. More recently, Stepanow et al. examined 
x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) for the 
same system.72 They showed that 3d magnetic moment exists in the dz2 state for the 
multilayer film of CoPc, as expected from the behavior of an isolated CoPc molecule. 
However, the local magnetic moment of Co2+ is zero for the monolayer film of CoPc on 
Au(111) for both in-plane and out-of-plane directions. This is consistent with the results of 
DFT calculation,71  
For the current case, due to the stronger coupling between TbPc2 and Ag(111) than that 
with Au(111), charge transfer from the Ag(111) to the TbPc2 molecule annihilates the Kondo 
state.  
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Instead, we observe a Kondo peak for the molecule on the second layer for which the 
coupling with the substrate is reduced by the presence of the first layer. This is illustrated in 
Figure 4.4(b). The recovery of the spin in the multilayer film is similar to the CoPc case 
mentioned in the above section. However, we have to clarify why the molecule that is not in 
a direct contact with a metal surface shows a Kondo resonance. 
The appearance of the Kondo resonance for a magnetic atom on a metal surface is often 
described with a model in which the isolated spin is screened by the conduction electron of 
the metal substrate to form the spin singlet. In considering the Kondo state for a magnet 
molecule, we might have to consider an additional screening mechanism in addition to the 
direct screening.  
We show such an example by a comparison of the Kondo resonance for the TbPc2 
molecule adsorbed on Au(111),77 and for the CuPc molecule on Ag(100).66 In both cases, the 
 radical of the Pc is the origin of the Kondo resonance and it was shown by using DFT 
calculation that the spin is localized at the top Pc for the case of TbPc2. Since both molecules 
show a flat lying bonding configuration, the distances between the spin center and the 
substrate for the two cases have a difference of a few angstrom.  
In the Kondo physics, it is known that TK can be expressed by the following formula, 
)/exp(  mTK  , where  is the peak width of the spin-impurity originated from a 
hybridization with the surface, ε is the energy relative to EF, and m is the degeneracy of the 
orbital.13,100  decreases with an increase of the distance between the spin-center and the 
substrate due to the decrease of the hybridization between the two. Since TK depend on  in 
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an exponential manner, we can expect a large difference in TK between the two cases. 
However the reported TK is almost identical for the two cases which is ~ 30 K. This indicates 
that, in addition to the direct screening of the  radical spin by the metal surface, a molecular 
orbital (MO) of the Pc coupled with the metal substrate plays an important role. If the MO 
plays a significant role for the screening, the observed similar TK for above two cases can be 
rationalized since it is shown that the MO is delocalized for the entire TbPc2. 
The same mechanism can be applied for the Kondo resonance observed for the TbPc2 on 
Ag(111), where the spin of the molecule is in the second layer. Even though the molecule is 
not directly adsorbed on the metal surface, the first and second layer TbPc2 molecules can 
screen the spin of the second layer through the MO that contacts with the metal surface. There 
is few studies of electronic structure of multilayer double-decker molecule, but we can find 
reports of multiple layers of single-decker molecules where STM images are clearly 
observed.87 This indicates that electronic state, which connects the metal conduction electron 
to the spin expected at the top Pc exists. This should be the reason Kondo resonance is formed 
in the second layer molecule in spite of the large distance between the spin and the substrate. 
We find an intriguing feature when an outer magnetic field is applied. The spectrum of 
Figure 4.4(c) is obtained when the magnetic field of 2T normal to the surface is applied. The 
feature at the Fermi level position is converted into a dip for B=2 T while the original 
spectrum shows a Kondo peak for B=0 T. 
An example of the conversion of the Kondo resonance from the peak to the Fano-dip is 
discussed for FePc/Au(111) by Gao et al.56. Two paths for the tunneling electron are 
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considered which are tip-Fe-substrate and tip-substrate. They make a quantum interference 
and, depending on the strength of the interference, it shows the peak or the Fano-type dip. 
The molecule with the on-top configuration has a stronger bonding with the substrate than 
that with the bridge one, followed by the formation of the Fano-dip. 
However, it is less likely that the bonding configuration changes with the application of 
the magnetic field. Instead it is considerably due to the change from the Kondo resonance to 
the inelastic spin flip process. The latter corresponds to the tunneling process where the spin 
flip is excited. Namely, the tunneling electron excites a spin flipping during tunneling that 
appears as inelastic component in the dI/dV spectrum. This was demonstrated for Mn atom 
on Al2O3/NiAl, 
39 organic radical molecule (C28H25O2N4) on Au(111),
14 and FePc molecule 
on Cu(111)(2×1)−O surface.41 For the former two cases the conversion of the Kondo peak in 
dI/dV spectrum to dips characteristic to the inelastic process.  
The excitation energy of the spin flip is can be expressed with g0µBB, where g0 as g factor, 
µB as Bohr magneton, and B as magnetic field. The criteria for the appearance of the inelastic 
feature is g0µBB>kBT. The inelastic features should appear at the symmetric positions about 
the Fermi level. Thus, the splitting energy of the dip of the inelastic feature is expected to be 
~2 g0µBB. The experimental conditions of our experiment, T~1.4 K and B=2 T, satisfy the 
criteria for the appearance of the inelastic feature. However, the expected splitting of 2 g0µBB 
= 0.5 meV for 1/2 spin is smaller than the observed splitting of 3 meV. This discrepancy is 
considerably due to the modulation voltage of 2 meV superimposed on the tunneling voltage 
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for the lock-in amp detection. The observed peak width of the peak width should be expressed 
with the following formula.       
    (1) 
where k the Boltzmann constant, T the temperature, Vmod the modulation voltage (rms), 
and W1 is an intrinsic width of the peak.
76 Thus the peak is dominated by the Vmod and W~3 
meV which can rationalize the observed peak width. We previously reported the change of 
the Kondo peak with the magnetic field for the TbPc2/Au(111). In there, the broadening of 
the peak width was observed originated from the shift of the Kondo peak due to the Zeeman 
splitting. No conversion to the inelastic dip feature was detected. We consider the mechanism 
by which the Kondo feature changes to the spin-flip inelastic feature for the TbPc2 molecule 
of the second layer on Ag(111). In the above mentioned examples of the inelastic spin-flip 
observations, the experiments for Mn atom and FePc cases were executed on semi-insulating 
substrates of Al2O3 and Cu oxide, respectively. This is because the appearance of the inelastic 
feature is favored when the spin is decoupled from the metal substrate. The appearance of 
the inelastic feature for the TbPc2 in the second layer on Ag(111) is due to that it is more 
decoupled electronically from the substrate than that of the first layer on Au(111). 
In this section we demonstrate that the appearance of the Kondo peak and the conversion 
from the Kondo peak to the inelastic spin-flip feature in dI/dV spectrum are tuned by the 
coupling of the molecule with the substrate. This demonstrates the importance of the interface 
between the molecule and the substrate for the spin behavior. 
2
1
2
mod
2 )7.1()4.5( WV
e
kT
W 
60 
 
4.5 Discussion 
TbPc2 is a SMM with high blocking temperature, but under specific conditions the electronic 
and magnetic properties of TbPc2 may manipulate. Earlier studies on TbPc2 on Au(111) and 
Cu(111)  have demonstrated electrical control of the molecular spin states and how the 
interaction with the metal surface preserves the molecular structure and the large spin 
magnetic moment of the metal center. Further progress in this field requires a comprehensive 
understanding of molecule electronic properties upon adsorption on distinct well-defined 
substrates. 
 
Figure 4.5: Spectroscopic observation of TbPc2 molecule on Ag(111) surface. (a) Averaged 
dI/dV spectrum on the molecule upon the first layer where no Kondo resonance observed. 
(b) Averaged dI/dV spectrum on the molecule upon the second layer where a sharp Kondo 
peak is observed near fermi level. 
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Our data showed that the Kondo resonance is hardly observed on Ag(111) surface, where a 
sharp Kondo peak observed previously for the TbPc2 molecule adsorbed on Au(111) surface. 
This is due to the charge transfer from the substrate to the molecule due to the stronger 
coupling than in the case of Au(111). Instead we observe a Kondo peak for the molecule on 
the second layer for which the coupling with the substrate was reduced by the presence of 
the first layer.  
On the other hand, Ruben et al. have reported that no Kondo resonance observed for the 
TbPc2 molecule adsorbed on Cu(111) surface due to strongest coupling with the substrate. 
Our results reveals that the Interaction of TbPc
2 
molecule with Ag(111) substrate is 
intermediate between that of Au(111) & Cu(111) 
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4.6 Summary 
We form a film of the TbPc2 molecule on Ag(111) surface and determine the structure 
the film. It is found that the rotation angle of the top and bottom Pc () changes between 45o 
and 30o in an alternative manner for the molecules in the first layer film. STM observation 
shows a checker-board contrast variation in the topographic image associated with the  
change. In addition dI/dV mapping demonstrates the reversal of the checker-board contrast 
at certain energies. We attribute the change to the shift of DOS between the molecule of 45o 
and 30o, which is confirmed by DFT calculation. This suggests that shifted DOS can be 
prepared in a self-assembled manner and the two electronic states can be tuned by molecular 
design.  
For the spin structure of the system, we hardly find Kondo resonance originated from  
radical in the ligand in the tunneling spectrum for the molecule of the first layer. Instead, the 
molecule in the second layer shows a Kondo peak at Fermi level. We consider that the  
radical recovers by the decoupling between the molecule and the metal surface. In addition, 
when a magnetic field of 2 T normal to the surface is applied, the second layer molecule 
shows a sharp dip at Fermi level. We attribute it to the inelastic tunneling feature caused by 
the spin flipping. This feature was not observed for the TbPc2/Au(111) system, suggesting 
the decoupling between the TbPc2 molecule and Ag(111) by the presence of the first layer 
forms the inelastic feature in the tunneling spectra. 
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Chapter 5 
SP-STM study on TbPc2 on Co bilayer on Au(111) 
 
5.1 Introduction 
 
Nano-scale magnetic materials attract attentions, whose applications include the 
spintronic devices and quantum information processes.  The random reorientation of the 
magnetization direction is an expected problem accompanying the shrinkage of the size of 
magnetic material, which can be scaled with the magnetic anisotropy energy (MAE). It has 
been demonstrated that a higher MAE can be achieved by tuning the particle size, shape, and 
substrate1,2. 
At the same time, new materials with high MAE were discovered. The single molecule 
magnet (SMM) is one of such materials6-8,101-102. SMM is a class of molecules which behave 
like a magnet even as a single molecule unit. Unlike the ferromagnetic metal, it is not caused 
by the many body effect. Rather a single molecule form a high activation barrier for the spin 
flip103. The formation of the high MAE in SMM is realized by the ligands surrounding a 
magnetic atom of the molecule104-107. The development of the molecular design and synthesis 
techniques made substantial improvement of the working temperature of SMM108. In 
principle, a single molecule can store information with its spin direction, which can be 
applied for advanced spintronic devices6,8,11. 
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Even though the high MAE of the SMM can suppresses the thermal flipping of the 
magnetization, a quantum tunneling (QT) process appears as another mechanism of the spin 
flip91,9,11. In the QT process, two degenerated spin states having opposite spin-directions 
tunnel into each other without following the potential curve91. By the existence of the QT 
process, the magnetic hysteresis curve often shows no gap, whose behavior is similar to the 
paramagnetic material.  
Several reports showed the suppression of the QT process with techniques such as a 
combination of the SMM molecule with CNT9,10, and the use of the MgO film as a substrate12. 
However, the atomic scale characterization of the spin polarization of SMM molecule is 
necessary to understand and control the quantum tunneling process and to make this material 
used in applications. 
Here in this thesis we explained the spin polarization of the double-decker 
bis(phthalocyaninato)terbium(III) molecule (TbPc2) adsorbed on the Co bilayer islands 
formed on Au(111) surface by using spatially-resolved spin detection measurement.  The 
TbPc2 molecule is in the class of SMM
25, and its adsorption state has been studied in 
detail108,110-116. The spin detection was executed by using the spin polarized scanning 
tunneling microscope (SP-STM), which can detect the spin state and the bonding 
configuration at the same time 3-5 
 We found that the TbPc2 molecule is spin polarized with attached to the ferromagnetic Co 
islands. The results of the SP-STM measurements showed that the spin of the TbPc2 molecule 
is polarized with coupling to the Co island magnetization in the antiferromagnetic manner. In 
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addition, we found an opening in the hysteresis curve even with the frozen magnetization of 
the Co island, showing a clear difference for that with near-zero remanence typically reported 
for the bulk crystal and non-magnetic substrate.  
 
5.2 Experiment 
 
5.2.1 Molecule Synthesis 
 
Molecule synthesis is same as chapter four. 
 
5.2.2 Sample preparation and environment of STM observation 
Experiments were performed at 4.6 K in a commercial low-temperature STM (Unisoku, 
Japan) with a base pressure of 10−8 Pa. Magnetic fields up to B = ±5 T were applied normal 
to the sample surface, which is the easy magnetization direction of the bilayer Co islands on 
Au(111).  Au(111) substrate was prepared by repeated cycles of Ar+ ion sputtering followed 
by annealing. Sub monolayer Co was deposited by electron bombardment heating of a Co 
rod during which Au(111) substrate was kept at room temperature117. Samples were then 
quickly transferred to the STM precooled at 4.6 K. We keep the Co/Au(111) sample at low 
temperature throughout the experiments to avoid the intermixing of the two with a thermal 
activation. The molecules of TbPc2 were deposited onto the surface of Co/Au(111) which 
was also kept at low temperature below liquid N2 temperature to avoid the dissociation of the 
molecules, which will be discussed in the following session. The molecule transfer was done 
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by the vacuum sublimation process from a Ta boat heated at ~ 360 oC, after prolonged 
degassing116. 
5.2.3 Benefits of the use of Co bilayer 
The use of the Co bilayer as the substrate has several benefits. First is that the Co islands 
were widely investigated and used as a standard sample to check the spin-polarization of the 
tip118-120. The simultaneous observation both of Co bilayer and the magnetic molecules makes 
the SP-STM measurement reliable. Second, it has been shown that the Co bilayer is out-of-
plane magnetized and the spin direction of the TbPc2 molecule is aligned perpendicular to 
the Pc plane. Thus if the molecule adsorbs in a flat-lying manner, both spins are aligned and 
we can expect interesting interactions. 
5.2.4 How to make spin polarized tip 
The spin polarized tip was prepared by picking-up Co atoms onto the tip surface. In prior to 
this process, the W tip was cleaned thermally (~2400 oC). First we move the tip onto the 
target Co island, then, after making the feedback loop open, we approached the tip towards 
the Co island by monitoring the tunneling current so as to pick-up a small number of Co 
atoms. Similar technique was shown by Loth and coworkers109. We have examined whether 
a small number of Co atoms were actually picked-up by observing the indented Co island by 
the modified tip. In our previous report, we showed that the tip has a paramagnetic behavior 
and its spin direction rotates according to the direction of B even it is small in amplitude117 
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5.3 Results and Discussion 
5.3.1 Adsorption of Co island on Au(111) substrate 
 
 
 
 
Figure 5.3.1: Co bilayer islands grown on Au(111). (a) Topographic image (Vs= - 600 
mV, It=0.2 nA, length bar is 10 nm) (b)-(d) Conductance mapping obtained with Vs= - 600 
mV with out-of-plane magnetic field of -0.6 T (b), 0.6 T (c), and 2.6 T (d). Measurements 
are done with lock-in amplifier (modulation voltage of 20 mV, frequency of 941 Hz was 
superimposed to the tunneling voltage) and the sample temperature of 4.6 K. 
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In Figure 5.3.1(a), we show a topographic image of Co islands grown on Au(111) surface. 
The islands are consist of Co double layers, except the areas covered with triple layers that 
appear brightest portions in the topo image. Figures 5.3.1(b)-(d) show conductance mapping 
images of the same surface. The conductance mapping was obtained by using the lock-in 
amplifier technique. The STM tip scanned the surface with the closed feedback loop, while 
a modulation voltage (Vmod=20 mV, frequency of 941 Hz) was superimposed onto the 
tunneling bias. The output-signal from the lock-in amplifier was recorded together with the 
topographic images. 
For the mapping shown in Figures 5.3.1(b)-(d), the sample bias of -600 mV was used, 
and the out-of-plane magnetic fields of -0.6, +0.6 and 2.6 T were applied for (b), (c) and (d), 
respectively.  
In order to understand the conductance change of the conductance mapping, we plot 
conductance vs B in Figure 5.3.1(e), where the former is measured at the tunneling bias of – 
600 meV. This plot was obtained by measuring the conductance at a fixed island by changing 
the B which starts at B=+3T following the blue line. After reaching B=-3.5 T, we returned 
the B value to the starting value along the red line.  
The curve of Figure 5.3.1(e) shows two large changes; one is a jump/drop at B=0 T and 
the other is a drop/drop at B=± 3.0 T. Both changes are sharp and an abrupt conductance 
change with B variation can be seen. 
A similar hysteretic behavior of the differential conductance as a function of magnetic 
field was reported on Co/Cu(111)  previously122. The bilayer of Co on Au(111) was shown 
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to be ferromagnetic with the magnetization in the out-of-plane direction117,123,124, in which 
the magnetic remanence depends on the size of the islands and the bonding configuration 
with the substrate.  
Thus the two major changes in Figure 5.3.1(e); i.e., B=0 T and at B=± 3T are considerably 
caused by the magnetization flip of the tip and that of the Co island at the coercivity, 
respectively.  
The sharp change of the conductance at B= 0 T indicates that the spin flip of the tip is 
caused by the small magnetic field. Note that the conductance can be either larger or smaller 
for the parallel-spin pair of the tip-and-sample than that for the antiparallel one, which is 
determined by the band structure of the sample at the energy used for the tunneling. 
We can assume that, at the end of the B change along the blue (red) line after the large 
change at B= - 3T (+3 T), the magnetization of the Co island should be aligned with the outer 
magnetic field. This indicates that the conductance is lower (higher) if the spins of the tip and 
the Co island are parallel (anti parallel) if measured at the voltage of – 600 mV.  
This can also be seen in the mapping. When B changes from - 0.6 T to 0.6 T, the contrasts 
of almost all islands are flipped. This is caused by the flip of the spin of the tip. In addition 
it indicates that almost all the islands are magnetized.  When B changed from 0.6 T to 2.6 T, 
the contrast of X changes but Y does not show any change. This means the magnetization of 
the island X flips but that of Y does not, suggesting a smaller coercivity for  X.  
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5.3.2 Adsorption of TbPc2 molecule on Co island on Au(111) 
substrate  
 
 
 
Figure 5.3.2: (a) Topographic image of TbPc2 molecules adsorbed on the Co bilayer 
islands formed on Au(111) surface (Vs=-800 mV, It=0.3 nA, length bar=2 nm) 
Crystallographic directions of the Au(111) substrate is shown at the bottom. Perimeters of 
Co islands of Co1 and Co2 are depiected by thick white lines, and the symmetry lines of the 
TbPc2 molecules from 1 to 4 are shown by thin lines. (b)(c) Topographic (a), and 3D display 
of TbPc2 molecule at the edge of the Co island. The green- and red-circle indicates the lobes 
of the Pc ligand attached to the Co island and middle of Co and Au, respectively. 
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After confirming that the tip is prepared to detect the magnetization of the surface species, 
we executed a deposition of the TbPc2 molecules on the surface. Figure 5.3.2 shows a typical 
topographic image of the TbPc2 molecule adsorbed on the bilayer Co island on Au(111) 
substrate. 
The deposition of the TbPc2 molecule was carried out while the substrate temperature 
was kept below liquid N2 temperature. The height of the TbPc2 molecules from the Co island 
plane is 400 pm, and eight lobes are clearly observed as an internal molecular structure.  
These features were also observed for the TbPc2 molecule deposited on Au(111) surface
97-
101, and are the hall marks of the robust double decker phthalocyanine molecule. Note that 
the Co island plays a role of catalysis to make the molecule dissociated into two separate Pc 
planes when deposited on the surface of Co/Au that was kept at the room temperature. 
In a large area image of Figure 5.3.2(a), we see four Co islands decorated by the eight-
lobe TbPc2 molecules which are adsorbed at the edge of the islands and in the middle of the 
islands. Few molecules are seen in the middle of the bare gold surface. This can be understood 
with a model that the evaporated TbPc2 molecules made a free hopping on the inert Au(111) 
surface before trapped at the edge of the Co islands.  
We analyze the bonding configuration of the TbPc2 molecule with examining its 
orientation. The orientation of the substrate Au(111) can be determined from the herringbone 
structure. The three equivalent directions of Au(111), which are ]110[ , ]101[  and ]011[  
corresponding to the close-packed direction of gold atoms, are depicted in the bottom of the 
Figure 5.3.2(a). Clear perimeters of two Co islands, Co1 and Co2, are shown by thick white 
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lines in the figure.  It is know that the perimeter of the triangle island is aligned with either 
with ]110[ , ]101[ and ]011[ directions, which is reproduced in panel (a)117. Also the 
crystallographic orientation inside of the Co bilayer island is aligned with that of the Au(111) 
substrate due to the epitaxial growth of the Co bilayer116. The orientations of the TbPc2 
molecules are analyzed with using the symmetry lines shown in the figure, which can be seen 
for the molecules 1 to 4 in Figure 5.3.2(a). The lines are drawn in the diagonal direction 
connecting middle of the bright lobes.  The lines for the molecules 1 and 2 are rotated 15o 
from ]110[  direction, and those for 3 and 4 are rotated 15o from the direction of ]011[ .  Such 
an orientation of the molecule is exactly same as what was observed for the TbPc2 molecule 
adsorbed on clean Au(111) surface101 In there the bottom Pc align its diagonal direction along 
the isoindoles is aligned along the close-packed direction of Au(111). This bonding 
configuration of the TbPc2 molecule is preserved both for the TbPc2 molecule at the edge of 
the Co island and on the Co bilayer film 
Some of the edge molecules show an apparent tilted bonding configuration in which one 
part of the ligand is attached to the Au substrate and another is on the higher Co island. An 
example is shown in Figure 5.3.2(b) and (c) latter of which is illustrated in 3D plot and the 
green point indicates the position where the molecule attaches to the Co island, and the red 
point is separated from both of the Co and Au substrate. 
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5.3.3 Conductance mapping change with outer magnetic field B 
 
 
 
Figure 5.3.3: (a) Topographic image of three Co islands (Co I-III) with adsorbed TbPc2 
molecules. The boundaries of the triangle Co islands and the Au surface are indicated by the 
white-line. TbPc2 molecule at the edge of the Co I are numbered 1-3. (Vs= - 600 mV, It= 0.2 
nA, length bar is 2 nm) (b), (c) Conductance mapping for the area of (a) obtained with Vs= - 
600 mV and B=+1 T (b) and – 1T (c).  (d) Difference mapping ∆G(+1 T,-1 T). Color tables 
for the conductance mapping and the difference mapping are shown in the bottom. 
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Now we show the conductance mapping for the surface after depositing TbPc2 molecules. In 
our experiment more than fifty TbPc2 molecules are examined for their spin-polarization. 
First example is shown in Figure 5.3.3, where three Co islands are indicated in the 
topographic image of Figure 5.3.33(a). The molecules of TbPc2 are adsorbed either at the 
edges of the islands or in the middle of the Co terrace.  
The panels of Figure 5.3.3(b) and (c) are comparing the dI/dV mappings obtained with 
Vs= - 600 mV and applying B of +1 T (b), and -1 T (c). The contrast of the mapping 
corresponds to the conductance value (dI/dV normalized to the current) where a brighter 
color indicates higher conductance as the color table in the figure shows.  
With this change of the B value, we see the change of the conductance contrast both for 
the Co islands and the molecules, while the bare Au shows an identical value.  
We examine the change for the Co islands first. The contrasts of the three islands marked 
I-III are bright in (b) and dark in (c).  We already determined the direction of the 
magnetization of the Co island from the asymmetric conductance at B=0 T in the previous 
section 5.2. The Co islands I-III whose contrast change from bright (B=+1T) to dark (B= - 
1T) corresponds to the magnetization of the down direction (↓).  
The change can be visualized more clearly by displaying the difference of the 
conductance of two B values. In order to show the difference, we name dI/dV, which is 
normalized with the current, measured at V=-600 mV, and application of B, as G(B). Then 
we define the conductance difference of two B values ∆G(B1,B2) as follows,  
∆G(B1,B2)=(G(B1)-G(B2))/(G(B1)+G(B2)). This is similar to the dI/dV asymmetry calculated 
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in previous reports125,126. We also plot a mapping of ∆G. The color scale is chosen so that the 
area of ∆G=0 appears as white, and red and blue colors correspond to positive and negative 
∆G, respectively. The asymmetry ∆G(+1 T, - 1 T) is ~10 % which is slightly less that that 
obtained for the Co island without the molecules. This is illustrated in Figure 5.3.3(d), where 
the color of red indicates the increase of the conductance and the blue corresponds to the 
decrease. The red islands correspond to those magnetized in down direction (↓). 
We notice that, in addition to the Co islands, the molecules also show the spin contrast. 
For the molecules attached to the Co island I, which is magnetized in down direction (↓), 
three molecules are selected and numbered as I-1 to I-3. The molecule 1 changes from the 
high conductance state into the low conductance state with B change from +1T to -1T, which 
appears as a red molecule in the ∆G mapping in Figure 5.3.3(d). A similar behavior can be 
seen for the molecule I-2 and I-3. All of the molecules are adsorbed at the edge of the Co 
island I.  
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Figure 5.3.4: Conductance mapping change with outer magnetic field B for TbPc2 
molecules adsorbed in the middle of Co island. (a) Topographic image of three Co islands 
with adsorbed TbPc2 molecules. The boundaries of the triangle Co islands and the Au surface 
are indicated by the white-line. TbPc2 molecule at the edge of the Co I are numbered 1-3. 
(Vs= - 600 mV, It= 0.2 nA, length bar is 2 nm). (b), (c) Conductance mapping for the white–
square area in (a) obtained with Vs= - 600 mV and B=+1 T (b) and – 1T (c).  (d) Difference 
mapping ∆G(+1 T,-1 T) is shown in. Color tables for the conductance mapping and the 
difference mapping are shown in lower-right. 
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Next example is the molecules adsorbed in the middle of Co island which is illustrated 
in Figure. The topographic image is shown in 5.3.4(a) and a large Co island exists in the 
middle of the image which contains molecules 1 to 3 marked in the figure. 
The conductance is shown in the region depicted by a white square of Figure 5.3.4(a). 
The mappings taken with B= +1T and -1T are shown in Figure 5.3.4(b) and (c), respectively 
(Vs = -600 mV). The comparison of the contrasts of the Co bilayer parts in the two panels 
shows that the higher conductance in Figure 5.3.4(b) measured with B= +1T than that of (a). 
This indicates that this Co island is magnetized in↓ direction.  
From the conductance mapping, it is obvious that the conductance both of the molecules 
1 and 2 are higher in Figure 5.3.4(c) than in (b). These conductance changes can be clearly 
seen in Figure 5.3.4(d) where, in contrast to the red color of the Co bilayer, we see blue 
contrast for molecules 1-3. 
Next we examine the conductance mapping variation by sequentially changing the 
magnetic field from +3.0 T to – 3.5 T. The topographic image of the target molecule is 
indicated in Figure 5.3.5(a), which is adsorbed at the edge of the Co island. 
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Figure 5.3.5: Variation of the conductance mappings (Vs= -600 meV) with changes of 
outer magnetic field B. The topographic image of the area is shown in (a). B started from 
+3.0 T and changed to - 3.5 T in the forward direction, then return to +3.0 T in the backward 
direction. Conductance mapping in the forward direction at B=+1.0 (b), -1.0 (c), -2.0 (d), and 
-2.5 T (e) are illustrated. In the backward direction, the data at B= -1 T is shown in (f). In 
addition, difference mappings of ∆G(+1 T,-0.5 T), ∆G(-0.5 T, -1 T) and ∆G(-1 T, -2 T) are 
illustrated in (g), (h) and (i), respectively. 
 
We show the conductance mapping for selected B values of +1, -0.5, -1, -2 T in Figure 
5.3.5(b), (c), (d), and (e), respectively. In addition, the conductance differences between the 
neighboring B values are illustrated in Figure 5.3.5(g), (h) and (i) which display the results 
of the calculations of ∆G(+1 T,-0.5 T), ∆G(-0.5 T, -1 T) and ∆G(-1 T, -2 T), respectively. 
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In the difference mapping of ∆G(+1 T, -0.5 T) shown in Figure  5.3.5(g), the molecule 
appears as a red one with the amplitude of ∆G(+1T,-0.5 T)~0.15. The bilayer of the Co island 
to which the molecule is attached also appears as red indicating that the Co is magnetized 
in↓direction. When B changed from -1T to -2T, the contrast change of Figure  5.3.5(i) appears 
as blue. Then we changed the B returning from B=-3 T to -1.0 T. The comparison between 
Figure 5.3.5(f) and Figure 5.3.5(d) shows a clear hysteresis, since both are obtained with B=-
1 T but the conductance is in high and low-state, respectively.   
 
Figure 5.3.6: dI/dV hysteresis loop of the TbPc2 molecule at the edge of the Co island 
in Fig.  5.3.5(a), and of the molecule 1 of Figure 5.3.4 (b) (Vs= - 600 meV). Blue and red 
arrows indicate the sequence of the B change and the measurement. Line and dots are colored 
accordingly. 
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The conductance change with B is plotted in Figure 5.3.6 ; panel (a) corresponds the 
molecule at the edge of the Co island appearing as red like that in Figure 5.3.3(d), and panel 
(b) is for the flat-lying one in the middle of the Co islands that appear as blue in Figure 
5.3.4(d). The blue and red lines correspond to the B change in the forward and backward 
directions between B=+1.0 T to -3.0 T.  
In the panel (a) of Figure 5.3.6, along the blue line, the first major change is the drop at 
B=0 T and the second one is the jump at B=- 2 T. On the way back on the red curve, it stays 
leveled to B= 0 T, then drops at B=+ 0.5 T and increased at B=+1.0 T. 
In the panel (b) of Figure 5.3.6, the blue line shows the first change as a jump at B=0 T 
and the second as a drop at B= - 1T. 
If we flip the plot vertically, the behaviors of Figures 5.3.6(a) and 5.3.6(b) are similar. In 
addition the curve resembles the butterfly hysteresis curve of the ferromagnetic Co island, in 
case we focus on the negative B region. With the same argument for the hysteresis curve of 
the Co island, it is reasonable to consider the molecule spin is aligned with the magnetic field 
at the end of the blue line. It suggests that the parallel spin configuration between the tip and 
the molecule gives the high conductance state in Figure 5.3.6(a), but it gives the low 
conductance state in (b).  
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5.3.4 Conductance mapping change with different bias voltage 
 
 
 
Figure 5.3.7:  (a) Tunneling spectroscopy of TbPc2 molecule obtained at the lobe position 
adsorbed at bare Au (111) (A), at the edge of the Co island (B), and at the middle of the Co 
island (C). (b) Outer magnetic field B dependent dI/dV change for the molecules B and C of 
(a). 
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In order to explain this discrepancy, it is instructive to examine the density-of-states 
(DOS) change in STS spectra. Figure 5.3.7 illustrates the STS of the TbPc2 molecule obtained 
at the lobe position.  
We show a reference spectrum A that is obtained for the TbPc2 adsorbed on pure Au(111) 
surface which we reported previously127. In spectrum A, a sharp peak at the energy of -0.2 
eV corresponds to the HOMO feature. The small peak width is derived from the final state 
effect. This is caused by the characteristic structure of the double decker TbPc2 molecule. It 
makes a less hybridization between the upper Pc and the substrate. In the final state of the 
tunneling, the ionized state, which is either a cation or an anion, is expected to be less 
screened by the metal substrate. Thus, a molecular nature of the orbital appears as the sharp 
peak width, which is sensitive to the chemical environment. The spectra B and C of Figure 
5.3.7(a) are obtained for the molecules, which appear as red in Figure 5.3.3(d) and blue in 
Figure 5.3.4(d), respectively. 
The shape of the spectrum B for the edge molecule is similar to that of spectrum A.  
However, in the spectrum C obtained at the flat-lying molecule, the sharp feature is lost and 
only a step-like feature at the energy of -500 mV appears. The behavior can be accounted for 
by considering a stronger bonding between TbPc2 molecule and Co substrate compared to 
the case of the Au substrate, which makes the disappearance of the sharp-peak originated 
from the less shielding of the final state. The sign of conductance asymmetry depends on the 
DOS of the sample and it is natural that the sign of the conductance is reversed with each 
other for these two cases. 
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We return to the hysteresis curve of Figure 5.3.6. We can notice that the spins of the 
molecule and the Co substrate couples in the antiferromagnetic manner. The coupling 
between the ferromagnetic substrate and the adsorbed molecule has been suggested in 
previous reports125,128-130. 
Rizzini and coworkers previously reported the spin behavior of the TbPc2 molecules 
adsorbed on the Ni surface by using XMCD method129, which detects the element-sensitive 
magnetization of the Tb and Ni atoms. They showed that the spin of the Tb atom is coupled 
with the Ni magnetization in the antiferromagnetic manner, whose interaction is through the 
Pc ligand. 
With an application of the magnetic field B, the spin of the Tb atom is determined by the 
competition between that antiferromagnetic coupling with the ferromagnetic substrate and 
the Zeeman effect. 
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5.3.5 Model of the energy diagram of the TbPc2 molecule  
 
 
 
Figure 5.3.8: Energy diagram of the TbPc2 molecule adsorbed on the Co island whose 
magnetization is in↓ direction. x axis corresponds to the angle of the magnetization of the 
molecule and the y axis is the energy. (a) B= 0 T and (b) B in↓direction, which makes the 
Zeeman energy equal to Ec, is applied. (c) Schematics of the magnetic anisotropy energy 
(MAE) of the TbPc2 molecule. (d) , (e) Simulated magnetization and the dI/dV for MAE=0 
(brown line) and MAE>0 and forward (green) and backward (red) change of B. 
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We try to apply the model of Rizzini et al to our system, and made a model of the energy 
diagram in Figure 5.3.8(a). In the model, since the tunneling magneto resistance of the SP-
STM method is not element specific, the spin contrast is formed either by the Tb spin or the 
ligand spin. Thus we refer the origin of the spin contrast as molecule spin. 
In this plot, x axis corresponds to the angle of the magnetization of the molecule and the 
y axis is the energy. Due to the antiferromagnetic coupling with the Co substrate, the TbPc2 
molecule spin-polarized in ↑ direction is energetically stabilized by EC when the 
magnetization of the Co island is in↓ direction. 
When B in ↓direction is applied, the molecule spin-polarized in ↓direction is stabilized 
by the Zeeman effect with the energy of Ez. The diagram for the condition of  Ec=Ez is 
illustrated in Figure 5.3.8(b), and we name the corresponding B value as Bc. 
The expected magnetization of the TbPc2 molecule is illustrated in Figure 5.3.8(d) by the 
brown line, while the Co magnetization is frozen in↓ direction. The spin of TbPc2 flips at 
B=Bc and the magnetization curve should be reversible in terms of the direction of the B 
change. 
If we consider the flip of the tip's spin at B=0 T and assume high conductance for the 
parallel configuration (↑↑) between the tip and the molecule, the dI/dV should be like the 
brown curve shown in Figure 5.3.8(e). This curve can reproduce the drop at B=0 T and the 
second change at larger B, if we change B towards the negative B direction. 
However the dI/dV variation with B should be reversible and does not provide a 
hysteresis changes which were shown in Figure 5.3.6(a) and (b). In order to explain the 
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hysteresis, we consider the magnetic anisotropic energy (MAE) of the TbPc2 molecule for 
the spin flip between J=+6  and – 6. 
If we assume the MAE for the diagram of Figure 5.3.8(c) marked by the red line, the 
magnetization and the dI/dV curve should show a hysteric curve with a certain opening.  
These curves for the forward and backward change of B expressed in blue and red lines are 
shifted by ∆ towards negative and positive directions, if we define ∆ as the magnetic field 
required to overcome the MAE. The curve resembles that observed in Figure 5.3.6(a). In 
addition it is reasonable to consider that the plot in (b) is a horizontal-flip of the curve of (a). 
In this model, however, the QT process is apparently suppressed. Kato and coworkers 
recently showed that by tuning the stacking of TbPc2 molecules so as the Tb-Tb direction of 
neighboring molecules aligned with the easy axis of the molecule, there appears a substantial 
suppression of the QT process131-133. The origin was attributed to the interaction between the 
magnetic dipoles of the molecules, and a theoretical study showed a simulation to reproduce 
the suppression of QT134. A similar mechanism where a coupling to the ferromagnetic Co 
island might be able to suppress the QT process. However, more detail has to be investigated 
to conclude this story. 
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5.4 Summary 
As a summary, we have investigated the spin state of the TbPc2 molecules adsorbed on the 
Co bilayer islands grown on Au(111) surface  by utilizing the spin-polarized scanning 
tunneling microscope (SP-STM) and monitoring the magneto tunneling resistance. The out-
of-plane magnetization of the Co bilayer film was clearly observed with SP-STM, and we 
determine the magnetization direction by examining the butterfly-shape hysteresis curve. We 
found that the TbPc2 molecule is spin polarized with attached to the ferromagnetic Co islands, 
where the spin of the TbPc2 is antiferromagnetically coupled to the magnetization of the Co 
island. The conductance asymmetry about B=0 T is opposite for the edge molecule and the 
flat-lying molecule, which is explained by the difference of electronic state for the two cases 
caused by the variation of the bonding configuration. In addition, we found an opening in the 
hysteresis curve even with the frozen magnetization of the Co island, unlike that with near-
zero remanence typically reported for the bulk crystal and non-magnetic substrate. 
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Chapter 6 
STM study of SMM encapsulated SWCNT 
In this chapter STM study of SMM encapsulated carbon nanotube will be described. The 
molecule is successfully observed inside the carbon nanotube by the STM topography. 
More interestingly, a cooper pair is also observed in -50mV and +50mV as a sharp twin 
peaks in spectroscopic measurement.  
 
6.1 Introduction 
SMM are molecules that can be used as an identical magnets even in single unit. Because of 
their large magnetic anisotropies and slow spin relaxation, SMM attracts great interest of 
research. SMM are considered as next generation quantum magnets due to their functional 
properties such as magnetic bistability, quantum tunneling of magnetization (QTM) and 
quantum coherence. 
On the other hand, the challenge of injecting spin polarized electrons from a ferromagnet into 
a nonmagnetic metal, semiconductor or molecular structure has become widely studied. 
[Wolf, 2001].  Due to the continuing demand for size reduction in electronics, one-
dimensional wires and quasi zero-dimensional molecules are materials of special interest for 
future spintronics applications and reliable spin transport. More work need to be done with 
adding molecule as well as magnetic molecule for better understanding of spintronics so that 
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researcher can find a system to study the effects of spin-dependent transport that is an 
extremely important research goal. Since my previous study based on the SMM 
characterization to improve the device capabilities by detecting and manipulating the spin 
states, I switch my study to such a material that has a possibility to show drastic changes 
electrically and magnetically. Defect in a semiconductor carbon nanotube (CNT) [H. Kim, 
2003], atom filled single walled carbon nanotube (SWNT) [S.H. Kim, 2007] side attached 
molecule to CNT [Krainov, 2017] shows drastic change in electronic and magnetic behavior 
than that of typical CNT. In this study my goal was to characterize some of the promising 
combined material that foreshadows the superconductivity.  
Although the society enjoying the benefits of electricity but still everyone need to pay the 
high cost to consume. Moreover, general people need to pay high value to buy USB device, 
smart phone, computer as well as electronics devices based on using internal and external 
storage capacity. So, the challenge is how we can overcome these difficulties with low charge 
or no charge. 
Although there are several studies is done with CNT that is modified by adding ion, atoms 
and side attached molecule , but still there is no study with SMM encapsulated modified 
nanostructures where SMM may strongly modify their electronic and magnetic properties as 
well as transport properties. For example, giant magnetoresistance (GMR) can be observed 
in such an arrangement and this GMR effect has great potential for different applications 
such as sensor, magnetic memory etc. As the electronic and magnetic properties can be 
changed by modifying the structure by adding the molecule inside the CNT, SMM 
encapsulated CNT is highly expected to show new characteristics. Moreover, magnetic 
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molecules possess a high potential as building blocks for the design of spintronic devices and 
the use of molecular materials opens the way for the controlled use of bottom-up, e.g. 
supramolecular, processing techniques combining massively parallel self-fabrication with 
conventional top-down nanostructuring techniques. The development of solid state spintronic 
devices based on the giant magnetoresistance (GMR), tunnel magnetoresistance (TMR), and 
spin valve effects has revolutionized the field of magnetic memory applications. Since our 
molecule is consist of TbPc2 inside the CNT, it is highly expected that we can realize the 
stable SMM configuration and on the basis of its characteristics we may design and 
implement new circuit for a new device capabilities. 
On the other hand, Kondo resonance appear due to the interaction between the magnetic 
moment of a magnetic impurity atom and the conduction electron spins of a non-magnetic 
host. The Kondo effect is a well-known phenomenon that leads to anomalous transport 
measurements in bulk systems of dilute magnetic alloys. The electronic structure of single 
walled carbon nanotube (SWNT)s is affected by external perturbations, namely, magnetic 
impurities. The STM study of SWNT are important for investigating new physical 
phenomenon as well as for determining the robustness of a nanotube’s intrinsic properties in 
the presence of impurities. 
For temperatures below the Kondo temperature (TK), the electrons of the host screen the local 
spin of the impurity, and the result is the emergence of a Kondo resonance. This resonance 
should disappear at temperatures above TK. A magnetic nanostructure comprised of a 
magnetic impurity and a carbon nanotube host is an interesting system since the impurity 
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spins would interact with conduction electrons confined to one-dimension, and in addition, 
might potentially spin-couple to a strongly (versus weakly) interacting electron system. 
Odom et al [2000] decorated individual SWNTs with well-separated, about 1 nm, Co clusters. 
The spectroscopic data recorded on the bare nanotube 7nm away from the Co is finite and 
nearly constant over the small bias range, consistent with the nanotube being metallic. In 
contrast, the dI/dV spectrum taken directly above the 0.5 nm Co center shows a strong 
resonance peak near EF, V = 0. This spectroscopic feature was observed above ten different 
small Co clusters (<1 nm) situated on metallic nanotubes, and is strongly suggestive of the 
presence of a Kondo resonance in the 1D SWNTs. 
In this study we examined the electronic and magnetic configuration of double-decker 
bis(phthalocyaninato)terbium(III) (TbPc2) inside the Carbon nanotube (CNT) by using STM 
and STS system. The most demandable single molecule magnet, TbPc2, inside the very 
exceptional properties carrier CNT revealed tremendous electronic and magnetic properties 
showing cooper pair in STS as a twin peaks at +50mV and -50mV. 
 
8.1.2 Cooper Pair 
The first microscopic theory of superconductivity is Bardeen-Cooper-Schrieffer theory that 
describes superconductivity as a microscopic effect caused by a condensation of cooper pairs 
into a boson-like state. 
In 1956, an American physicist Leon Cooper first described the cooper pair. In condensed 
matter physics, at a low temperature a pair of electrons bound together in a certain manner. 
This pair later named as Cooper pair or BCS pair. 
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The effect of cooper pairing can be explained by classically. A metal electron usually behaves 
as a free particle. Although one electron is repulsed by another electron due to their negative 
charge but there is also an attractions with the positive ions that make the rigid lattice of a 
metal. This attraction distorts the ion lattice, moving the ions slightly toward the electron, 
increasing the positive charge density of the lattice in the vicinity. Other electrons can be 
attracted by this positive charge. At long distances, this attraction between electrons due to 
the displaced ions can overcome the electrons' repulsion due to their negative charge, and 
cause them to pair up. 
 
Fig 6.1: Cooper pair of two electrons that around 100nm apart from each other. 
It is not necessary to stay in close for the pair electrons. Due to the long range ineteraction, 
the electrons of a pair may be in many hundreds of nanometer apart. Actually many cooper 
pairs can take place in the same space because of the greater distance than the average 
interelectron distance[+]. Electrons have spin-1⁄2, so they are fermions, but the total spin of a 
Cooper pair is integer (0 or 1) so it is a composite boson. This means the wave functions are 
symmetric under particle interchange. Therefore, unlike electrons, multiple Cooper pairs are 
allowed to be in the same quantum state, which is responsible for the phenomena of 
superconductivity. 
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8.1.3 Cooper Pair in STS 
 
The field of superconductivity has been changed drastically after the discovery of high 
temperature superconductors in 1986135. It is not only the critical temperature increased 
drastically, but also the change in nature of the superconducting state in the high temperature 
superconductor that is completely changed from the well-known low temperature 
superconductors. Although the whole world trying to reveal the nature of high temperature 
superconductor, nobody still do not know the origin and the nature of the pairing interaction. 
It remains one of the core challenge of solid state physics today to clarify the mechanism.  
Despite all the challenges, tunneling became one of the main tool to investigate the low 
temperature superconducting material after the explanation of Ivar Giaever in 1960136. He 
explained that a direct measurement of the quasiparticle density of the states in the 
superconductor can be take place through the tunneling between a superconductor and a 
normal metal. 
Basically, STM uses vacuum as a tunneling barrier and allows the modification in the barrier. 
This makes possibility to separate extrinsic from intrinsic effect in the tunneling spectra. The 
central property of such a tunnel junction is that if the normal metal has a constant density of 
states around the fermi level then the tunnel conductivity, dI/dV, at low temperature is 
proportional to the quasiparticle density of states.  
Scanning tunneling spectroscopy or STS is the direct way to obtain information of the 
superconducting gap where cooper pair can be observed as twin peak near the fermi energy. 
Basically two peaks appeared at the same energy scale on positive and negative bias voltage. 
94 
 
Since the energy of pairing interaction is quite weak, about 10-3eV, so thermal energy can 
easily break the pairs. Thus superconducting density of states shows temperature dependent 
peak amplitude which decreases gradually with increasing temperature.  
For more clear understanding let us take a look on the STS measurement of a doped 
topological superconductor137. 
 
 
Fig 6.2: Temperature dependence of tunnel-ing spectra measured from 0.4 K to 5 K 
(symbols) and theo-retical fittings (solid lines) 
 
Figure 6.2 shows STS of a doped superconductor, (Pb0.5Sn0.5)0.7In0.3Te , that showing 
two sharp peak at ±1mV that is the cooper pair and this cooper pair is responsible for 
superconductivity. Moreover, the amplitude of the peak is decreases with increasing the 
temperature.  
This is the typical nature of a superconducting material we can observe in STS measurement. 
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8.2 Experiment 
The double-decker TbPc2 molecules inside the SWNT synthesized in by injecting process in 
other group. 
The sample is prepared in ultra-high vacuum (UHV) system. Since the drop cast method is 
used for making sample, dichloroethane is used as a solvent to make solution. Au(111) 
substrate was prepared by the cleaning with  repeated cycles flame annealing and later with 
Ar+ ion sputtering and annealing for removing the contamination.  
After cleaning the substrate, sample is dropped immediately under the UHV system to avoid 
air effect. Further annealing also done depending on the sample shows intermixing with other 
unavoidable molecules or atoms. 
 
The whole experiment is performed in a commercial low temperature (~4.6K) with a base 
pressure of 10−8 Pa. Typical constant current STM measurement is done with low current 
and high voltage. The dI/dV spectra is obtained using a lock-in amplifier with a few 
modulation voltage of ~10 mV superimposed onto the tunneling bias voltage about -0.7V for 
STS measurement with the range of -1V to 1V. The short range dI/dV spectra is obtained 
using a lock-in amplifier with a few modulation voltage of ~2 mV superimposed onto the 
tunneling bias voltage about -0.1V for STS measurement near the fermi level with the range 
of -1V to 1V. 
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6.3 Results and discussion  
 
 
 
  
Figure 6.3: Topography of TbPc2 encapsulated SWCNT on Au(111). Molecule clearly 
shows in right side 
A typical STM image shows a molecule encapsulated SWCNT on Au(111). The molecule 
is successfully observed inside the carbon nanotube by the STM topography. Although it 
is difficult to obtain the top face of molecule but we were able to observe the upper image 
of TbPc2 molecule in topograph with setpoint was -0.7V of bias voltage and 300pA of 
constant current. The measured size of the molecule is about 1nm. In SWCNT, the height 
of the molecule part is much higher about 3Å high than the rest part.   
The spectroscopic observation is taken by STS by using lock in amplifier.  First 
spectroscopy was taken on TbPc2 encapsulated SWCNT with the range of -1V to +1V 
and the setpoint was -1V bias voltage, 0.1nA current and 10mV modulation voltage. 
1.0nm
TbPc2  molecule 
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Many peaks appeared throughout the spectrum with a very large peak at -0.5V. 
-1.0 -0.5 0.0 0.5 1.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
d
I/
d
V
(a
.u
)
V(V)
 
 
-0.10 -0.05 0.00 0.05 0.10
0.0
0.1
0.2
0.3
0.4
0.5
0.6
d
I/
d
V
(a
.u
)
V(V)
 
 
Figure 6.4: (a) dI/dV spectra measured on the TbPc2 encapsulated SWCNT on Au(111) 
substrates with -1V bias voltage, 0.1nA current and 10mV modulation voltage. The STS 
range is -1V to +1V, (b) dI/dV spectra measured on the TbPc2 encapsulated SWCNT on 
Au(111) substrates with -100mV bias voltage, 0.1nA current and 2mV modulation 
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voltage. The STS range is -100mV to +100mV  Two peaks appeared at +50mV and -
50mV.  
We have taken another spectroscopy with a short range of -100mV to +100mV and the 
setpoint we used as -100mV bias voltage, 0.1nA current and 2mV modulation voltage is 
applied on bias voltage. In this short range spectroscopy, we observed that two clear 
peaks are appeared in same energy i.e +50mV and -50mV. So, the feature shows two well 
developed peaks that situated approximately at ± 50meV. Contrary to a BCS 
superconductor with such well-developed peaks, we found a large conductivity inside the 
gap. 
From the analogy of the STS of a superconductor where cooper pair appears as a twin 
peak near fermi energy, there is a possibility to become this material superconductor. 
Although the superconducting gap is high in this case but the further temperature 
dependence measurement can conclude our expectation by another future study. 
 
6.4 Summary 
We visualize the TbPc2 molecule inside the SWCNT and successfully determine the position 
of molecule STM topography. We observed the height of molecule contained SWCNT is 
much higher than bare part of SWCNT. The height difference is about 0.3Å. Electronic and 
magnetic behavior of TbPc2 encapsulated SWCNT on Au(111) are observed by conductance 
spectra. Superconducting sign of TbPc2 encapsulated SWCNT on Au(111) are observed in  
spectroscopy, where cooper pairs are observed as twin peaks appeared at -50mV and +50mV. 
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